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Zusammenfassung
ObwohlaufdemGebietderultraschnelen Magnetisierungsdynamikw¨ahrendder
letztenzweiJahrzehntesowohlexperimentelalsauchtheoretischintensivgeforscht
wordenist,konntebisherkeineeinheitlicheErkl¨arungdesPh¨anomensetabliertwer-
den.DasZieldervorliegendenArbeitistes,eineneue,tiefgehendeSichtweiseaufdie
zugrundeliegendenMechanismenzuerm¨oglichen,indemdieSpin-Dynamikdirekt
inderelektronischenBandstrukturbeobachtetwird.Diesgeschiehtmittelszeit-und
spinaufgel¨osterPhotoelektronenspektroskopiedesgesamtenEnergiebereichsderVa-
lenzb¨anderaufeinerFemtosekunden-Zeitskala.
ZudiesemZweckwurdeeinneuartigerVersuchsaufbauentwickeltundinBetriebge-
nommen.Dieserkombinierteinenhoch-eﬃzientenSpin-Detektormiteinermodernen
Labor-Lichtquele,dieultrakurzeLichtpulseimextrem-ultravioletten(XUV)Spek-
tralbereichgeneriert.DieLichtquelebasiertaufderErzeugunghoherHarmonischer
vonLaserlichtundkannaufzweiverschiedeneArtenbetriebenwerden,umunter-
schiedliche Welenl¨angenundPhotonenﬂ¨ussebereitzustelen.InbeidenBetriebsar-
tenwurdenstatische,spinaufgel¨ostePhotoemissionsspektrenvonCo(001)Filmen
gemessen,umoptimaleBedingungenf¨urzeitaufgel¨osteMessungenzuﬁnden. Wei-
terhinwurdenVakuum-Raumladungseﬀekteuntersucht.Diesgeschahsowohlinden
dichtenElektronenwolken,diedurchdieultrakurzenXUVPulseerzeugtwurden,
alsauchinBezugaufdieCoulomb-WechselwirkungzwischendieserElektronenwol-
keundElektronen,dieinAnrege-Abfrage-Experimentendurchnah-infrarote(NIR)
Anrege-Pulseausgel¨ostwerden.DadurchkonntederEinﬂussdieserEﬀekteaufPho-
toemissionsspektrenermitteltundsp¨aterminimiertwerden.
DieNIRAnrege-PulsewurdenimWeitereninzeitaufgel¨ostenMessungeneingesetzt,
umeineultraschneleDemagnetisierunginCoFilmeneinzuleiten.MitHilfeunseres
neuenExperimentskonntenwirdenzeitlichenVerlaufderElektronendynamikver-
folgen,indemspinaufgel¨osteSpektren¨ubereinenbreitenEnergiebereich,derdieVa-
lenzb¨andervolst¨andigeinschließt,aufgezeichnetwurden.SolcheMessungenwurden,
nachunseremWissen,erstmalsdurchgef¨uhrt.DieExperimenteerm¨oglichenneuarti-
geEinblickeindiezeitlicheEntwicklungdesSpinsystemsw¨ahrendderultraschnelen
Demagnetisierung.DabeikonntenwirkeineReduzierungderAustauschaufspaltung,
wieesvomStoner-Modelvorhergesagtwird,beobachten.StattdessenzeigendieEr-
gebnisseAnzeichenf¨ureineDurchmischungderSpinzust¨ande.
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Abstract
Inthelasttwodecades,ultrafastmagnetizationdynamicshasbeenthesubjectofa
largenumberofexperimentalandtheoreticalinvestigations,however,withoutestab-
lishingaconsistentpictureuptonow.Theobjectiveoftheworkpresentedinthis
thesisistoprovideanewandprofoundperspectiveontheunderlyingmechanisms
byadirectobservationofthespin-dynamicsintheelectronicbandstructureof3d
ferromagnetsusingfemtosecondtime-andspin-resolvedphotoelectronspectroscopy
ofthefulenergyrangeofthevalencebands.
Forthispurpose,anovelexperimentalsetuphasbeendevelopedandcommissioned
thatcombinesamodern,highlyeﬃcientspindetectorwithastate-of-the-art,table-
toplightsourcecreatingultrashortextremeultraviolet(XUV)pulsesbylaser-based
high-orderharmonicgeneration(HHG).Thelightsourcecanbeusedintwooper-
ationmodes,whichprovideXUVradiationwithdiﬀerentwavelengthsandphoton
ﬂuxes.Staticspin-resolvedphotoemissionspectraofCo(001)ﬁlmshavebeenmea-
suredinbothoperationmodestoﬁndtheoptimumconditionsfortime-resolvedex-
periments. Moreover,vacuumspace-charge(VSC)eﬀectswithinthedenseelectron
cloudsemittedbythefemtosecondXUVpulsesaswelastheCoulombinteraction
betweenelectroncloudsgeneratedbyXUVprobe-andnear-infrared(NIR)pump-
pulsesinapump-probeexperimenthavebeeninvestigatedindetail.Theﬁndings
areusedtodetermineandlaterminimizetheinﬂuenceofVSConphotoemission
results.
TheNIRpump-pulseshavebeenemployedintime-resolvedmeasurementstotrig-
gerultrafastdemagnetizationinCosamples. Usingthecapabilitiesofthenew
experiment,wemonitoredthetimeevolutionoftheelectron-dynamicsbymeasur-
ingspin-resolvedspectraoverabroadenergyrangefulycoveringthevalencebands.
Toourknowledge,suchmeasurementshavebeenperformedfortheﬁrsttime.The
experimentsleadtonovelinsightsintotheevolutionofthespinsystemduringan
ultrafastdemagnetizationprocess,inparticularbyshowingevidenceofspin-mixing
insteadofaquenchingoftheexchangesplittingassuggestedbytheStoner-model.
3

1 Introduction
Nowadays,informationtechnology(IT)isanessentialcomponentofourdailylife.
Sincetheﬁrstrealizationofcomputersinthe1940s,theirperformanceisincreasing
fast,drivenbyanapproximatedoublingofthenumberoftransistorsperchipevery
twoyears(”Moore’slaw”).Thisdevelopmentcreatedthepossibilitytohandlehuge
quantitiesofinformation. DuetotheworldwidenetworkofITdevices,thelocal
andglobalamountofdataisgrowingevenmorerapidlyduringthelasttwodecades.
In2010,1200exabyteofdatawasstoredworldwideandtheamountisdoubling
everyyear[Gantz12].Thistrendwilcontinuebecauseoftherisingimportanceof,
e.g.,onlinevideo/photosharing,digitalcommunicationandtheneedforbigdata
analysisinindustry.
Theincreasingamountofdatathathastobehandledneedsnotonlyhugestorage
capacities,butalsonew,fastertechniquestostoreandretrievetheinformation
eﬃciently.Todealwiththesechalenges,theinteractionbetweenmagneticstorage
materialsandlaserradiationisexploredandsuggestsinterestingandpromising
approaches. Onepossiblewaytorealizehigherstoragecapacitiesistoemploy
laserlighttolocalyheatanotherwise magneticalyhardandstable material
andthusmakeitswitchablewithstandardmethodsforadeﬁnedtimeinterval.
Usingthistechnique,whichiscaledheat-assistedmagneticrecording(HAMR),
materialswithaveryhighanisotropycanbeusedalowingforsmalerbitvolumes
andthereforehigherstoragedensitieswhilemaintainingtheenergybarrierofthe
superparamagneticeﬀect.Theconcepthasbeenalreadyproveninprototypehard
drives[Rausch13]andisplannedtoentertheconsumermarketinthenextyears.
Concerningtheopticalwritingofdataitwasdemonstratedattheendofthelast
century,e.g.byBeaurepaireetal.in1996[Beaurepaire96],thatatransient,laser-
inducedmanipulationofthemagnetizationofaferromagneticmaterialcanoccuron
asub-picosecondtimescale.Thisprocessissigniﬁcantlyfasterthanthewritingof
informationinducedbymagneticﬁeldpulses[Tudosa04].Fromthepointofviewof
technology,twoimportantmilestoneshavebeenreachedsincetheﬁrstobservations.
First,fulswitchingpurelyinducedbyafemtosecondlightpulse1withouttheneed
1However,ittakestensofpicosecondsuntilanequilibriumstateisestablishedagain
[Vahaplar09].
5
CHAPTER1.INTRODUCTION
ofamagneticﬁeldwasdemonstratedintheferrimagneticaloyGdFeCoin2007
[Stanciu07].Second,thisprocesswasrecentlyalsoproveninferromagnetsmarking
anotherimportantsteptowardsaworkingdevice[Lambert14].
AssuggestedbyBeaurepaireetal.,anultrafastquenchingofthemagnetizationcan
bephenomenologicalydescribedbyassumingthreeinteractingsubsystemsthat
accountforthespins,theelectronsandthelattice[Beaurepaire96]. Nevertheless,
themechanismsbehindthespin-dynamicsbeforethespinsandelectronsstartto
thermalizewiththephononsystem(for>1ps)is,despiteofalmost20yearsof
intensetheoreticalaswelasexperimentalresearch,notyetunderstood. For3d
ferromagnets,fourmodelsfoundmostattractionduringthelastyears.
First,thelaserpulsecandirectlycoupletothespins.Thiseﬀectsoccursintheﬁrst
femtosecondswhilethepump-pulseisstilpresent[Bigot09].
Second,theangularmomentumcanbetransferedfromthespin,whichsupplies
thedominantcontributiontothemagneticmoment,totheorbitalpartbyspin-
orbitcoupling(SOC)[Zhang00].Sincenoenhancementofthelatterisobserved
[Stamm10],anultrafastdissipationchannelofthetheorbitalmagneticmomenthas
tobeconsideredinthiscase[T¨ows15].
Third,spin-ﬂipprocessescanleadtoadirect,ultrafastabsorptionofthespinangu-
larmomentumbythelattice.Themostprominentsuggestionforsuchamechanism
isEliott-Yafettypescattering[Koopmans10]. Anexampleisthescatteringofan
electronataphononwhentheinitialandtheﬁnalelectronicstatehaveamixedspin
characterduetoSOC(seestep1inSec.2.2.1).Then,ascatteringeventcanhave
aﬁniteprobabilitytooccureveniftheinitialstateisdominatedbymajorityspins
andtheﬁnalstatehasmainlyaminorityspincontribution(orviceversa). This
impliesachangeoftheelectronspin.BecausetheinﬂuenceoftheSOContheband
structure,especialyconcerninghybridization,dependsstronglyontheparticular
wavevector,alsothestrengthofthespin-ﬂipscatteringisvaryingsigniﬁcantlyfor
diﬀerentpositionsintheBrilouinzone(BZ)[Pickel08].
Fourth,thespinscanleavethesamplevolumethatisprobed.Thisapproachismost
successfulytreatedinatheorydevelopedbyBattiatoetal.,whichsuggestspure
spin-currentscarriedbyhotelectronsthatpropagateinanintermediateregimebe-
tweendiﬀusiveandbalistictransport(super-diﬀusive)[Battiato10].Corresponding
chargecurrentsarescreened.Thebasicideaofthismodelisthatmainlymajority
spinelectronscanleavetheopticalyexcitedsamplevolumesincetheyhavealonger
meanfreepathin3dferromagnets[Aeschlimann97].Clearevidenceforsuchaspin
transportwasfoundinexperiments,whereexcitationandprobingarespatialy
separated[Malinowski08,Melnikov11,Rudolf12,Eschenlohr13].
Uptonow,nogeneralagreementabouttheapplicabilityandimportanceofthe
particularmodelshasbeenestablished.Currently,diﬀerenttheoriescanbeusedto
explaindiﬀerentexperimentalresultsandtheirvalidityseemstodependstrongly
onthe measurementconditions. Theexperiments,ontheirpart,coverawide
parameterspace makingacomprehensive modelingdiﬃcult. Thisincludesdif-
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ferentpumpﬂuences[Rudolf12],geometrieslikesingle-[Koopmans10,Stamm10]
or multilayers[Turgut13, Eschenlohr13],pure materials[Pickel08, Hohlfeld97]
oraloys[Radu09, Mathias12],andvariouscontrast mechanismsincludingthe
magneto-opticalKerreﬀect(MOKE)[Beaurepaire96,Bigot09,Rudolf12],(mag-
netic)secondharmonicgeneration(SHG)[Hohlfeld97],x-ray magneticcircular
dichroism(XMCD)[Stamm07]or(spin-resolved)photoemission[Schol97,Rhie03].
Nevertheless,mostexperimentshaveincommonthatthestudiesaredominated
byopticalytriggeredapproachesbecauseonlylightpulsescandelivertheneeded
temporalresolutionusingapump-probetechnique.Foralongtimetheinvestiga-
tionshavebeenlimitedbythephotonenergiesintheopticaltonear-infrared(NIR)
spectralrangeoftheavailablefemtosecondlightsources. Therefore,onlythe
valencebandscouldbeprobedinthecaseofmagneto-opticalexperimentsandin
photoemissionmeasurementsthephotonenergiesjustexceededtheworkfunctions
ofthesamplesandonlyverysmalpartsoftheBZandnarrowenergywindowswere
accessible. Withinthelastyears,novelschemesforthegenerationofultrashort
lightpulseswithphotonenergiesofseveraltenstohundredsofeVhavebeendevel-
oped,namelyhigh-orderharmonicgeneration(HHG),free-electronlasers(FELs),
andsynchrotronfemtosclicing(seeSec.2.3). Alofthemwerealreadyusedin
ordertocreatenew,substantialinsightsintoultrafastmagnetizationdynamicsby,
e.g.,expandingknowntechniqueslike MOKEbyintroducingelement-selectivity
[Rudolf12]orsupplyingwel-establishedmethodslikeXMCDorx-raydiﬀraction
withfemtosecondtemporalresolution[Stamm07,Pfau12].Also,thesenewsources
hadalreadyahugeimpactontime-resolvedphotoelectronspectroscopy(PES)
investigations[Helmann12,Rohwer11,Gierz13].
Concerningmagnetism,thephotoemissionstudiesperformeduptonowcanbesplit
intotwotypes:ﬁrst,experimentsthatstudytheenergydistributionofphotoelec-
tronsand,second,experimentsthatstudythespinofphotoelectrons.Inthelast
years,bothbranchesproﬁtedfromthenewlightsourcesmentionedabove. Whilethe
feasibilityofusingaMottdetector(seeSec.2.2.3)toanalyzethedemagnetization
ofsecondaryelectronsemittedbyFELradiationwasdemonstratedonlyrecently
[Fognini14],angle-resolvedphotoelectronspectroscopy(ARPES) measurements
usingHHGlightalreadyleadtoabetterunderstandingofultrafastmagnetismin4f
materials[Carley12,Teichmann15].Thelatterrevealedaquenchingofthevalence
bandexchangesplittingonanultrashorttimescale,whenthesampleisexcited
withanintenseNIRlaserpulse.
Sucha mechanismisalsodiscussedasapossibleoriginofthetemperature-
dependenceofthemagnetizationin3dferromagnets,bothifthesampleisheatedin
equilibrium[Hopster83,Kisker84]andonultrafasttimescales[Rhie03,Mueler13].
Ingeneral,thisunderstandingbasedontheStoner model(seeSec.2.1.1)isin
competitionwiththeoriesthatsuggesttheconservationofthemagneticorderand
thereforetheoriginalbandstructurewithinmicroscopicregions,butreducethe
magnetizationduetotemporalandspatialﬂuctuationsofitsorientation.InNi,
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whichwasuptonowinvestigatedin mostdetail,previousstudiesshowedevi-
dencethatthereductionofthemagnetizationisaccompaniedbyatleastapartial
quenchingoftheexchangesplittingforbothequilibriumanddynamicalheating
[Hopster83,Donath89,Rhie03].Incontrast,otherexperimentsindicatethatthe
reductionofthemagnetizationinNiisnotrelatedtochangesinthebandstructure
[Kirschner88].Inaddition,thedominanteﬀectseemstodependonthelocation
intheBZthatisprobed[K¨amper90].InConeither(Stoner-like)paramagnetic
behaviornorpeakshiftshavebeenobservedaboveTCsofar,whichsuggestsanex-
planationpurelybasedonmagneticshort-rangeordereﬀects[Schneider91b].Here,
staticheatingexperimentsare,however,diﬃcultbecauseCochangesitsproperties
overtherelevanttemperaturerangeincludingphase-transitions[Schneider91b]and
diﬀusionofsubstratematerials[Almers11].
Thechalengesinthestaticheatingexperimentscanbepreventedbyinvestigat-
ingopticalyinducednon-equilibriumstates,whereonlytheelectronsystemis
transientlyheated.Ingeneral,disentanglingthemagneticpropertiesintheband
structureofFe,CoandNiinaphotoemissionexperimentismorediﬃcultthanin
themeasurementson4fmaterialsintroducedabovebecauseofthestrongcorrela-
tionbetweenthemoredelocalizedelectronsinthe3dferromagnets(seeSec.4.2).
Asigniﬁcantimprovementofthedisentanglementcanbeachievedbyspin-selective
measurementsofthephotoelectrons. Consequently,weproposeacombinedspin-
andenergy-resolvedphotoemissionexperimentwithfemtosecondtemporalresolu-
tionandphotonenergieslargelyexceedingthematerialworkfunctionsinorderto
obtaindecisiveresultsonthehightemperaturebehaviorof3dferromagnets.
Furthermore, Weberetal.founddeviatingdemagnetizationtimesonsimilarsam-
plesfor measurementsusing MOKEandusingspin-resolved,energy-integrated
photoemission. TheauthorssuggestadiﬀerenceinthepartoftheBZwhichis
probedasapossibleexplanation[Weber11]. Ourexperimentiswel-suitedto
addressthequestionofdeviatingdecaytimesofthespinpolarizationafteroptical
excitationthroughoutthebandstructure.Inparticular,thisalsoincludestheroleof
spin-ﬂipsandtheinﬂuenceofSOChybridizationpointsonthespin-ﬂipprobability
[Pickel08].
Besidesthestudyof3dferromagnets,theexperimentthatweproposeabovemay
alsobeabletorevealfurtheraspectsofthedynamicsin4fmaterials,whererecently
discrepanciesinthetemporalevolutionofdiﬀerentstateswereobserved[Frietsch15].
Thisincludesdisjuncttimescalesforthequenchingofthespinpolarizationand
theexchangesplittingofthesurfacestatein Gdaswelasdiﬀerencesinthe
behaviorofequilibriumandlaser-inducedheating[Andres15]. Expandingthese
studiesemployingourexperimentcanhelptodevelopabetterunderstandingof
thefemtoseconddynamicsofthebandstructure.Inparticular,addressingthetime
evolutionofboththe4fand5dstateswhilesimultaneouslymonitoringthespin
polarizationmightdeliveradeeperinsightintothecouplingmechanismsandun-
derlyinginteractions.Furthermore,theexperimentcanprovidenew,directinsights
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intothespin-dependenceoftransportpropertiesof materialslike MoS2,which
needhighphotonenergiestobestudiedduetotheshapeoftheirbandstructure
[GrubisicCabo15]andshowinterestingmagneticproperties[Gehlmann15].
The mainchalengeintherealizationoftheproposedexperimentistoachieve
electroncountrateshighenoughforareliableinterpretationofthedata,while
stilensuringanenergyresolutionwhichissuﬃcientforthestudyofthemagnetic
propertiesinthebandstructure.Inthepresentedwork,thisisaddressedbycon-
structinganexperimentthatcombinesthe,forphotoemission,superiorpropertiesof
amodernHHGsource(seeSec.2.3)withastate-of-the-artspindetectoremploying
highlyeﬃcientexchangescattering(seeSec.2.2.3). Recentdevelopments,like
drivingtheHHGsourcewithlaserlightof390nmwavelength,wereincorporated
toincreasetheperformanceoftheexperiment(seeSec.3.1)leading,ﬁnaly,to
asuccessfuldemonstrationofitsfeasibility. Proofofprincipleresultshavebeen
acquiredwhichprovidenewinsightsintothebandstructuredynamicsofCo.
Thisthesisisstructuredinthefolowingway:
Chapter2 providesthetheoreticalbasisforthefolowingchapters. Itgives
anoverviewofthemagnetismin3dferromagnetsincludingtheexchangeinterac-
tionandtheSOC.Inthe2ndpart,thebasicconceptsofphotoemission,whichare
necessaryfortheunderstandingofthiswork,anddiﬀerentdetectionschemesfor
thephotoelectronspinarepresented.Finaly,thepropertiesoftheHHGlightand
theprocessesthatarefundamentalforitsgenerationaredescribed.
Chapter3 explainsthediﬀerentpartsoftheexperimentalsetup. Aspecial
focusisputontherealizationoftheHHGsourceintwodrivingmodesandthe
devicesusedfortheenergyselectionandthespindetection.
Chapter4introducesthesamplesystemthatisstudied:thinCoﬁlmsgrown
onCu(001). Abriefreviewofthecurrentstateofknowledgeisprovidedandthe
preparationprocedureispresented. Furthermore,thesamplesarecharacterized
usingstaticphotoemissionmeasurements.
Chapter5 showsstatic,spin-resolved measurementsrecordedusingfemtosec-
ondpulsesfromtheHHGsource.Theresultsarediscussedwithspecialemphasis
onthefeasibilityoftime-andspin-resolvedexperimentsinbothdrivingmodes.
Furthermore,thedataiscomparedtomeasurementsobtainedwithacontinuous
wave(cw)lightsourceinordertocharacterizethelightfromtheHHGsource
aswelaspossiblediﬀerencesinthespectraduetothepulsedexcitation. This
characterizationthenresultsinananalysisofvacuumspace-charge(VSC)eﬀects
forourexperimentalconditions.
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Chapter6 describesthepreparationofoursetupfortime-resolved measure-
mentsbyintroducingapump-beam. First,techniquesforﬁndingthetemporal
andspatialoverlaparepresented. Second,photoemissioninducedbytheNIR
pump-pulsesisstudiedbyvaryingseverallaserparameters,anditsinﬂuenceon
pump-probemeasurementsthroughadditionalVSCisrecordedandanalyzedwith
thehelpofsimulations. Third,thestabilityofthesetupfortime-resolvedstudies
withlongacquisitiontimesisestimatedbasedonexperimentalresults.
Chapter7 presentsresultsfortheelectron-andspin-dynamicsinCo. Based
ontime-resolvedARPESdata,theelectron-dynamicsintheface-centeredtetrag-
onal(fct)Co(001)samplesisinvestigated. Furthermore,informationaboutthe
spin-dynamicsduringanultrafastdemagnetizationprocessisobtainedbysimul-
taneoustime-,energy-andspin-resolvedphotoemissionmeasurementsinnormal
emission.TheresultsarecomplementedbysimilarstudiesonhcpCo.Thepicture
thatweobtainfromtheseexperimentssuggestsadominantroleofamirroringof
thebandstructureratherthanaquenchingoftheexchangesplittingduringthe
ultrafastdemagnetization.
Chapter8 givesashortsummaryofthepresentedworkandsuggestsfuture
studiesaswelasfurtherexperimentalﬁeldsthatcanbeexploredwiththesetup.
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2 FundamentalConsiderations
Thischapterwilprovideashortoverviewofsomeofthemainconceptsandbasic
considerations,whicharenecessarytounderstandtheideasandstudiespresented
inthisthesis.Inparticular,involvedmagneticeﬀects(Sec.2.1),thephotoemis-
sionprocess,itsrelevanceforexperimentalstudiesanddetectionmechanismsfor
thephotoelectronspin(Sec.2.2),andtheworkingprincipleofhigh-orderharmonic
generation(HHG)thatisusedinthelightsource(Sec.2.3)arecovered.Theexpla-
nationsareingeneraladaptedfromthementionedsourcesandrepresenttextbook
knowledge.
2.1 Magnetismin3dTransition Metals
Thefolowingsectionwilgiveabriefintroductionintosomefundamentalproperties
offerromagnetismwithspecialattentiontotheeﬀectsthatinducechangesinthe
electronicbandstructure.Amoredetaileddescriptionofmagnetismingeneraland
moredetailsabouttheeﬀectsdescribedherecanbefound,forexample,in[St¨ohr07].
Themagneticpropertiesofthe3dtransitionmetalsCo,NiandFearedominated
bytheirferromagneticcharacteristic.Incontrasttoothermagneticmechanisms
suchasdia-orparamagnetism,ferromagnetismischaracterizedbya”spontaneous”
magneticorderthatnotnecessarilyneedsamagneticﬁeldtobepresentandleads
totheformationofmagneticdomains.Startingfromphenomenologicalobserva-
tionsofferromagnetism,themostobviousdetectionisthattwobarsbuiltofa
ferromagneticmaterialcaneitherattractorrepeleachotherdependingontheir
relativeorientation. Thisbehaviorleadstotheintroductionofa(macroscopic)
quantitycaled”magnetization”M asathree-dimensionalvector,whichrepresents
thecolectivebehaviorofthemagneticdomains.Forabarmagnetitusualypoints
alongoroppositetothelongdimensionofthebarandthedirectioncanbeinduced
byaligningthedomainswithanexternalmagneticﬁeld.Iftheexternalmagnetic
ﬁeldisremoved,M isstil(partly)presentandcreatesanownmagneticﬁeld.The
lattercanthenactonthemagnetizationofthesecondbarmagnetandleadto
aninteraction.Inordertorelatethismacroscopicmagnetizationtomicroscopic
11
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properties,M canbedeﬁnedasthedensityofN(aligned)magneticdipolemoments
minthevolumeVby
M =NVm. (2.1)
Sinceferromagnetismisaphenomenonthatisdominatedbythecolectivebehavior
oftheelectronsinamaterial1,themagneticpropertiesofthesingleelectronscan
beingoodapproximationassignedtothemagneticdipolemomentsinEq.2.1.In
general,theelectronmagneticmomentummelectronconsistsoftwoparts.Theﬁrst
iscaled”orbitalmagneticmoment”morb,becauseitisbasedonthemovementof
theelectroninthesolidandcanthusberelatedtotheorbitalangularmomentum2
l.Thisrelationcanbeexpressedby
morb=−eµ02mel (2.2)
withtheelementarychargee,theelectronmassmeandthevacuumpermeability
µ0.
Furthermore,forexampletheStern-Gerlachexperimentshowedthatelectronshave
anadditionalintrinsicpropertythatiscaled”spin”sandcreatesanotherangu-
larmomentum. Theresulting”spinmagneticmoment”mspincanbegiveninan
analogueformby
mspin=−eµ0mes. (2.3)
However,scanonlytakethevalue+/2or− /2.Altogether,theelectronmagnetic
momentisthengivenby
melectron=morb+mspin=−eµ02me(2s+l). (2.4)
2.1.1 ExchangeInteraction
InordertogenerateanetmagnetizationM =0,theorientationoftheelectron
magneticmomentscannotberandomlydistributedandtheyhavetobeatleast
partlyaligned.Thefundamentalmechanismbehindthisalignmentinferromagnets
iscaled”exchangeinteraction”andisbasedonthequantummechanicalexchange
betweentwoindistinguishableelectrons.Inasimplepicture,itsworkingprinci-
plecanbeexemplaryexplainedusingthecovalentbindingsituationbetweentwo
1Nucleihavemuchhighermassesthanelectrons. Becausethedependenceoftheirmagnetic
momentmnontheirmassissimilartotheexpressionfortheelectronsinEq.2.4,mnissigniﬁcantly
smalerthanmelectronandcanbeneglected.2Ifaquantummechanicalpictureisused,spins,orbitalmomentaandmagneticdipolemoments
areinthefolowinggivenasvectorsimplicatingthatthequantummechanicalexpectationvalueazofthequantityaalongaquantizationaxiszismeantandthattheymightactasthecorresponding
operators.
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hydrogenatoms3. Byapproximatingthetotalwavefunctionasaproductofthe
single-atomwavefunctionsφioftheatomiandneglectingtermswithtwoelectrons
inthevicinityofoneoftheatomcoresduetoCoulombrepulsion(”Heitler-London
approximation”),oneachievesforthespatialwavefunction
Φ(1,2)=φA(1)φB(2)±φA(2)φB(1). (2.5)
Here,(1)/(2)denotesthattheﬁrst/secondelectronisinthevicinityoftheparticular
atomcore.ThesecondterminEq.2.5accountsforthe(anti-)symmetrizationthat
isnecessarybecauseoftheindistinguishabilityoftheelectrons. Duetothespin-
statisticstheorem,thetotalwavefunctionofatwo-fermionsystemhastochangeits
signifthefermionsexchangeposition.Sincethetotalwavefunctioncanbeexpressed
byaproductofthespatialandthespinpart,thisantisymmetryiseitherachieved
byanantiparalelspinconﬁgurationandasymmetricspatialwavefunction(+-
signinEq.2.5)oraparalelspinconﬁgurationandanantisymmetricspatialwave
function(−-signinEq.2.5). Calculatingtheenergyexpectationvalueforboth
resultingstatesshowsthatthevaluesdiﬀer. Thediﬀerencedeﬁnesthe”exchange
constant”J.ForJ>0,aparalelcouplingbetweenthetwoelectronsisenergeticaly
favorable.Theseconsiderationsshowthattheexchangeinteractionisdominatedby
theelectronspin.
Inordertousethepicturedevelopedabovefortheexplanationoftheferromagnetism
in3dmetals,ithastobegeneralizedfortheinteractionofmanyelectronsinaband
model.Foravisualizationoftheunderlyingprocesses,itisusefultoregardonlyone
electronandcalculatetheeﬀectofalotherelectronsonit.Thisleadstoanenergy
changeinducedbytheexchangeinteractionforthiselectron(labeledwithi)of
Eex,i=−si
N
j;j=i
Jijsj=−siHeff (2.6)
withJijbeingtheexchangeconstantoftheinteractionbetweenelectroniandj.
Thevectorssiandsjdescribethecorrespondingspins. Ontherightsideofthe
secondequalsign,thesingleinteractionswithalotherelectronsaresummarizedin
aneﬀectiveﬁeldHeff.Ingeneral,theenergyofelectroniisreducedifHeffhas
apositivevalueandisalignedparaleltosi,meaningthatthespinofmostofthe
otherelectronsispointinginthisdirection.ThesizeofHeffdependsontheratioof
electronswithparalelandantiparalelalignedspinwithrespecttoelectroni.Once
animbalanceispresent,itisinconsequenceenergeticalyfavorable/unfavorablefor
anelectrontoalignalongthespindirectionthatthemajority(↑)/minority(↓)of
electronshas(seeleftgraphinFig.2.1).Theresultingenergygainorlossisgiven
by
Eex,↑/↓=∓I∆n2. (2.7)
3Thefolowingargumentationisalongtheexplanationsin[Ibach02,Opel04].
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Here,
∆n=n↑−n↓n↑+n↓ (2.8)
isthenormalizeddiﬀerenceinthenumberofmajority/minorityspinelectronsn↑/n↓
andtheproportionalityconstantIiscaled”Stonerparameter”.∆nisdirectly
relatedtothemagnetizationM.
Ontheotherhand,theimbalanceofmajorityandminorityspinsleadstoaloss
inenergybecauseelectronscanonlychangetheirspiniftheymovetounoccupied
statesthathadoriginalyahigherenergyinthebandstructure(seemiddlegraph
inFig.2.1).Thereoccupationcanbetakenintoaccountbydescribingn↑/n↓
E
e-
Energy gain by
exchange interaction
Energy loss due to the 
occupation of energeticaly
higher states
Resulting (schematic)
band structure
e-
EF
using
Figure2.1: Energycontributionsleadingtoferromagneticequilibrium.Theleftgraph
showstheloweringoftheenergyofanelectronresultingfromaspinalignmentparaleltothe
majority(↑)oftheelectronsduetotheexchangeinteraction.Incontrast,thespinﬂipsliftthe
electronstooriginalyhigherenergylevelsinthedensityofstates(center).Bothcontributionscan
resultinanequlibriumsituationwherethepartofthebandstructuresformajorityandminority
(↓)spinelectronsisshiftedtowardseachotherinenergy.Inthegraphs,parabolasrepresentthe
densityofstatesforfreeelectronsatT=0Kwithshadedareasshowingﬁledandwhiteareas
ilustratingunﬁledparts.(adaptedfrom[Pl¨otzing11])
Fermi-Diracdistributionsf(Eex,↑/↓)thattakeintoaccounttheenergyshifts.This
resultsintheself-consistencyrelation
∆n∝
k
(f↑,k(∆n)−f↓,k(∆n)), (2.9)
wherethesumensurestheconsiderationofthefulspaceofwavevectorsk.It
describesthecompetitionbetweentheenergygainduetotheexchangeinteraction
andtheenergylossduetotheoccupationofenergeticalyhigherstatesforaparalel
spinalignment.FromEq.2.9the”Stonercriterion”
I˜D(EF)>1 (2.10)
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canbederived4.Itcontainsthedensityofstatesperatomandspindirection˜D(E)
attheFermilevelEF.IftheStonercriterionisfulﬁled,amaterialispredictedto
beferromagnetic.Despiteitssimplicity,themodelisverysuccessfulinforecasting
ferromagnetismforFe,NiandCo. Thesematerialshaveaveryhighdensityof
statesclosetotheFermilevelandthusonlyalowamountofenergyislostforthe
”spin-ﬂips”makingaparalelalignmentfavorable.
Moreover,Eq.2.9canbeusedtogiveanexplanationofthetemperature-dependence
oftheferromagneticbehavior.SincetheFermi-Diracdistributions,whichdescribe
theoccupationoftheenergylevels,includethetemperatureT,theself-consistency
relationcanbeevaluatedfordiﬀerentT.Foraqualitativeunderstanding,itisa
goodapproximationtomodelthebandstructurebyDiracdeltafunctionsrepre-
sentingthedominating3dstates(seeleftgraphinFig.2.1). Theresultsshowa
reductionofthe(spontaneous)magnetizationwithincreasingtemperature.Above
theso-caled”Curietemperature”TC,theferromagneticbehaviorvanishes5
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0.2
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 Calculation
Experimental Data:
 Ni
 Co
M / 
M(T
=0
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. The
Figure2.2: Temperaturedependenceof
the magnetization.Thelinerepresentsacal-
culationofthenormalizedmagnetizationfordif-
ferenttemperaturesTbasedonEq.2.9.Symbols
areexperimentalydeterminedvaluesforNiand
Cofrom[Crangle71].
fuldependencyispresentedinFig.2.2togetherwithexperimentaldata.Itcanbe
seenthattheresultsmostlyagreeoveralargetemperaturerange.
Altogether,theexchangeinteractioncausesa momentum-independentandin
theStoner-modeltemperature-dependentoﬀsetinenergybetweenthevalenceband
structureof majorityand minorityspinelectronsin3dferromagnets(seeright
graphinFig.2.1).
4Amoreformaltreatmentincludingfurtherinformationisgivenin[Ibach02].
5However,thepredictionofTC isveryimpreciseinthismodel.
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2.1.2 Spin-OrbitCoupling
Anothereﬀectthatcanhaveasigniﬁcantinﬂuenceontheelectronicbandstructure,
however,notonlyinferromagnets,isthe”spin-orbitinteraction”thatdescribesthe
couplingbetweentheelectronspinanditsorbitalmomentumintheCoulombﬁeld
ofanucleus.Inasemi-classicalpictureofthisinteraction,theorbitalmomentumis
interpretedasarelativemovementbetweenbothparticles.Inthereferenceframe
oftheelectron,thenucleuscirclesarounditandproducesacurrentthat,according
toFaraday’slawofinduction,createsamagneticﬁeld[Gay92]
B=Zecr3r×v=
Ze
mecr3l. (2.11)
Here,Zistheatomicnumberofthenucleus,rthedistancebetweentheparticles
withthelengthr,vtherelativevelocitybetweenboth,andltheresultingorbital
momentum. c,meanderepresentthespeedoflight,theelectronmassandthe
elementarycharge,respectively.ThemagneticﬁeldBthenactsonthespinmoment
oftheelectronmspin(seeEq.2.3).Sincethechangeofthepotentialenergyisgiven
by
V=−mspin·B, (2.12)
thiscausesanincreaseordecreaseoftheelectronenergydependingonitsspin
direction.
Aquantummechanicalapproachleadstoadescriptionoftheenergychangeinduced
bythespin-orbitcoupling(SOC)describedbytheHamiltonianHso=k·slwiths
beingthespinandltheorbitalangularmomentum.Asinthesemi-classicalpicture,
theconstantkdependsontheatomicnumberandtheradiusoftheelectronorbit.
Inaddition,thedependenceoftheenergyonlandsissimilar.
Inthevalencebandsof3dferromagnets,theenergysplitduetotheSOChas
avalueofaround∆Eso=0.01−0.1eVandisthussmalcomparedtotheexchange-
inducedsplitting(∆Eex≈1eV)[St¨ohr07].Nevertheless,theSOCiscrucialforthe
propertiesofferromagnetssinceitinducesasymmetrybreaking. Thisleadsto,
e.g.,magneticanisotropiesandinﬂuencestheelectronicbandstructure(seestep1
inSec.2.2.1).
2.2 PhotoelectronSpectroscopy
Inthepresentedwork,theelectronicbandstructureofferromagnetsisinvestigated,
whichcontainsvaluableinformationabouttheexchangeinteractionandtheSOC
asdescribedinthelastsection.Forthispurpose,thephotoemissionprocessisused.
Thebasisofphotoemissionisthephotoelectriceﬀectthatdescribestherelease
ofanelectronfromamaterialafterexcitationwithlight. Today,photoelectron
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spectroscopy(PES)isoneofthemostappliedexperimentaltechniquesforstudies
ofthebehaviorofelectronsparticularlyinsolidstatematerials.Itsimportance
isunderlinedbytwoNobelPrizesforAlbertEinsteinin1922andKaiSiegbahnin
1981,whowereawardedfortheexplanationofthephotoelectriceﬀectbyquantizing
thelightenergyandforimprovementsoftheresolutionofPES,respectively.
Nowadays,photoemissionalowsonetolookintomanyfundamentalcharacteristics
ofamaterial,e.g.theopticalormagneticbehavior,bymeasuringthepropertiesof
thephotoemittedelectronandrelatingthemtotheoriginalstateinsidethematerial
usingconservationlaws. ThemostfundamentalobservableinPESisthekinetic
energyEkinofthephotoelectronthat,ifmonochromaticlightwiththeenergyhν
isused,canberelatedtothebindingenergyEB oftheelectroninthesolidusing
energyconservationby
Ekin=hν−φ−EB. (2.13)
Here,thematerial-speciﬁc”workfunction”φistheminimumenergythatisnecessary
inordertoreleaseelectronsintothevacuum.Furthermore,thein-planecomponents
oftheoriginalelectronmomentumcanalsobedeterminedbymeasurementsofthe
escapeangleofthephotoelectronduetomomentumconservation(seeEq.2.22).
Anotherquantitythatisoftenconservedduringthephotoemissionprocessisthe
spinoftheelectrons(seeSec.2.2.3,especialyfordetectionschemes).
2.2.1 Three-Step ModelofPhotoemission
Asimple(semi-classical)theorythatisverysuccessfulinordertoprovideaquali-
tativeunderstandingofthefundamentalprocessesinvolvedinphotoemissionisthe
”three-step”model6.Here,thefulprocessisdividedintothreeindependentlycon-
sideredparts:(1)theexcitationoftheelectronbytheincominglight,(2)itstravel
throughthecrystaltothesurfaceand(3)theemissionfromthesurfaceintovacuum.
Inthismodel,thephotoemissionprocessistreatedinasingleelectronapproach(”in-
dependentparticlepicture”)andtherearrangementoftheelectronsystemdueto
theleavingelectronisneglected.Eachofthestepswilbediscussedinmoredetail
inthefolowingparagraphs.
Step1: OpticalExcitation&SelectionRules
Intheopticalexcitationstep,anelectronisliftedfromanoccupiedinitialstate|i
withenergyEiintoanunoccupiedﬁnalstate|fwithenergyEfduetotheabsorp-
tionofaphoton.Theenergydiﬀerencebetweenbothstateshastomatchthephoton
energy(Ef−Ei=hν).Forthephotonenergiesemployedinthepresentedwork,
whicharelocatedintheextremeultraviolet(XUV)spectralrange,thephotonwave
6Thefolowingexplanationsarebasedon[H¨ufner95]and[Schneider10],wheremoredetailscan
befound.Anotherniceoverviewisgivenin[Smith71].
17
CHAPTER2. FUNDAMENTALCONSIDERATIONS
vectorkph=hν/(c)reachesvaluesthataretwoordersofmagnitudesmalerthan
typicaldimensionsoftheBrilouinzone(BZ)ofmetals7.Therefore,amomentum
transferfromthephotoncanbeneglectedintheopticalexcitationprocessandonly
”direct”transitionsarealowed,whichareverticalinthereducedzonescheme.
Inordertodescribethetransitionoftheelectroninaquantummechanicalway,
theelectromagneticﬁeldofthelightrepresentedbyitsvectorﬁeldA=A(r)hasto
beincludedintheHamiltonianHbyextendingthemomentumoperatorfrompto
p−e/cAyielding
H= 12m p−
e
cA
2+eV+Hint. (2.14)
Here,theelectrostaticpotentialV=V(r)takesinparticularintoaccounttheﬁeld
ofthecrystallattice. Moreover,Hintcanincludeseveraleﬀectslikerelativistic
correctionsortheinteractionofthespinswithexternalﬁelds,thelattice(through
SOC)orthemselves[Schneider10].Theadditionalterms
∆H= 12m
e
c −pA−Ap+
e
cA
2 (2.15)
resultingfromtheextensionofthemomentumoperatorcanbetreatedasapertur-
bationandtheprobabilityPi→fforatransitionfromthestate|itothestate|fis
thengivenbyFermi’sgoldenrule:
Pi→f=2π|f|∆H|i|2δ(Ef−Ei−hν). (2.16)
Here,|iand|f arerepresentedbythecorrespondingeigenfunctionsoftheundis-
turbedHamiltonianandtheDiracdeltafunctionδ(Ef−Ei−hν)ensuresenergy
conservation.Formoderatephotonﬂux8nonlinearcontributionsinAcanbene-
glectedinthetransitionmatrixelement(linearresponsetheory)Mfi= f|∆H|i.
Furthermore,theelectromagneticﬁeldcontributioncanbeapproximatedbythe
ﬁrst,space-independenttermofitsTaylorseriessincethewavelengthofXUVradi-
ationislongcomparedtothelatticeconstantofmetals.Thisleads,asdescribedin
[Schattke08],totheexpression(dipoleapproximation)
Mfi=−iecA0(Ef−Ei)f|er|i (2.17)
7Thephoton momentumiskph≈ 5·10−2A˚−1forhν=100eV. TheBZhasawidthof
kel,max=2π/a=1.74˚A−1foranin-planelatticeconstantofa=3.61˚AinCo(001)[Heckmann94].8ThisisfulﬁledforanexcitationwiththeXUVprobe-pulsesfromtheHHGsource(seeSec.2.3
andSec.3.1). Fromthelightpropertiespresentedin[Eich14]andwithaspotdiameterofd=
100µmapeakintensity(seeEq.6.1)oftheorderof107W/cm2canbeestimated. Thisvalue
iswithinthevalidityof(ﬁrst-order)perturbationtheory(breakdownbetween1010W/cm2and
1013W/cm2[Burnett93])andtherelatedneglectofhigherordersinA[Schattke08]. Moreover,the
applicabilityoftheassumptionisconﬁrmedbytheagreementoftheresultsbetweenthepulsedand
thecontinuousexcitationpresentedinChap.5.Incontrast,theassumptionisnotfulysatisﬁed
fortheintensenear-infraredpump-pulsesusedinthepresentedwork(seeSec.6.2).
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forthetransitionmatrixelement. Here,thecomplexscalarA0istheamplitude
oftheelectromagneticﬁeld,risthepositionoftheparticle,andtheunitvectore
representsthedirectionofthelightpolarization.
Inordertogetabasicunderstandingaboutwhichtransitionscontributetothe
photoexcitationprocess,itisusefultoﬁrstevaluatetheseﬁndingswithinasingle-
atompicture. Usingsphericalcoordinates,theangularpartofthewavefunctions
inEq.2.16aswelasthematrixelementinEq.2.17canthenbeexpressedusing
sphericalharmonicsYlm.Forthecaseoflinearlypolarizedlight,whichisparticularly
importantforthepresentedwork(seepropertiesoftheusedlightsourcesinSec.3.1),
thedipoleoperatorhastheformer∝rY10. Thisleadstoanangularpartofthe
integraloverthetransitionmatrixelementdescribedby
f|er|i∝ Y∗lfmfY10YlimidΩ (2.18)
withΩbeingthesolidangleandY∗lfmfbeingthecompexconjugateofYlfmf.Theproductoftwosphericalharmonicscanbeexpressed9asYl1m1Yl2m2∝ΣlΣmYlmwithl=l1+l2andm=m1+m2.Usinginadditiontheorthogonalityofthespherical
harmonics Y∗lmYlm dΩ=δllδm m withtheKroneckerdeltaδij,itcanbeshownthatthetransitionmatrixelementsvanishunless
∆l=lf−li=±1 (2.19)
and
∆m=mf−mi=0. (2.20)
Theseconditionsarecaled”dipoletransitionrules”.
Similarrulescanbeobtainedforthetransitionsbetweenbandsinasoliddepending
ontheirsymmetriesinagrouptheoryconsideration.Theyareveryusefulinorder
toidentifywhichtransitionscontributetothephotoemissionspectraincertainex-
perimentalsituationsandthushelptounderstandtheelectronicbandstructure.In
general,thesymmetrypropertiesofbandsaredescribedbytheso-caled”irreducible
representations”ofasymmetrygroup.Foratreatmentbasedonthespatialsymme-
triesofasystem,thecorrespondinggroupisdeterminedbythecrystalinestructure
ofthematerialandtheinvestigateddirection.Inthiscase,therepresentationsare
usualylabeledaccordingtothe”singlegroupnotation”.Anexampleforfcccrystals,
whicharemainlystudiedinthiswork,is∆i,wherethe∆indicatestheΓ−X=ˆ[001]
directionintheBZ(seeleftsideofFig.2.3). Theindexiisusedtodistinguish
betweenthediﬀerenttypesofbandsandlabelsthesymmetrypropertiesalongthis
direction(seeAppendix),whicharealsorepresentedbythebasisfunctionsofthe
representationgivenintherightpartofTab.2.1.
Asforthederivationofthedipoletransitionrulesintheatomiccase,aphotoexci-
tationisonlypossiblefornon-vanishingtransitionmatrixelementsMfiinEq.2.17.
9See[Sakurai94]foraproof.
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Table2.1: Non-relativisticdipoleselectionrules. Theresultsaredeterminedfornormal
emissioninanfcccrystalalongthe∆=ˆΓ−Xdirection.⊥()indicatesthatatransitionispossible
withlighthavinganelectricﬁeldpolarizationperpendicular(paralel)tothesamplesurface.Inthe
rightpartofthetable,thebasisfunctionsoftheinitialstatesareshownwithzpointingalongthe
∆-direction(selectionrulestakenfrom[Eberhardt80],basisfunctionstakenfrom[Dresselhaus08]).
FinalState
∆1 ∆1 ∆2 ∆2 ∆5 BasisFunctions
∆1 ⊥ 1,z,2z2−x2−y2
∆1 ⊥ xy(x2−y2)
∆2 ⊥ x2−y2
∆2 ⊥ xy
Initial
State
∆5 ⊥ x,y,xz,yz
However,iftheintegrand,whichconsistsofthedipoleoperatorandtheinitialand
ﬁnalstate,hasintotaloddsymmetry10,Mfiisalwayszero. Moreover,thedipoleop-
eratorforlinearlypolarizedlighthasevensymmetryforthepolarizationcomponent
perpendiculartothesurfaceandoddsymmetryfortheparalelpart.Thisimmedi-
atelyhastheconsequencethat,innormalemission,transitionsbetweenstateswith
thesamesymmetryareonlypossibleusinglightwithapolarizationcomponent
perpendiculartothesurface. Accordingly,atransitionbetweenasymmetricand
anantisymmetricstatecaningeneralonlybeinducedbyanantisymmetricdipole
operator,i.e.usinglightwithacomponentthatispolarizedparaleltothesample
surface.Furthermore,forseveralpairsofinitialandﬁnalstatestheexactsymmetry
propertiesdonotalowanytransitionswithinthedipoleframework.Theresultsof
theseconsiderationsforanfcccrystalalongthe∆-directionaresummarizedinthe
(non-relativistic)selectionrulespresentedintheleftpartofTab.2.1.
Sofar, magneticeﬀectswerenottakenintoaccountintheconsiderationofthe
photoexcitation. Becausetheelectronspinisnotdirectlyaﬀectedbythedipole
operator,theexchangeinteraction(seeSec.2.1.1)canbeincludedingoodapproxi-
mationbyaseparatetreatmentoftheprocessesintwodisentangledbandstructures
forthemajorityandtheminorityspinelectrons.Theyareshiftedwithrespectto
eachotherinenergy(∆ex≈1.55eVinthevalencebandsofCo(001)[Clemens92]).
In3dferromagnets,theshiftsinducedintothevalencebandsbythespin-orbit
interaction(seeSec.2.1.2)aresigniﬁcantlysmalerthantheexchangesplitting
(≈ 100meVinCo(001)[Pickel08]). Sincetheyarebelowtheenergyresolution
oftheexperimentsperformedinthepresentedwork(∆E>200meV,seeSec.5.2),
theycannotbedirectlyseenintheresults.However,theSOCinducesanadditional
symmetrybreakinginthesystemthatisnon-negligibleforthebandstructure.It
10Afunctionf(x)hasevensymmetryiff(x)=f(−x)andoddsymmetryif−f(x)=f(−x).
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Figure2.3: Left: Brilouinzoneofanfcccrystal. Thehigh-symmetrypointsandcorre-
spondingdirectionsareindicated.(Reprintedwithpermissionfrom[Eberhardt80].Copyrightby
theAmericanPhysicalSociety. TheCClicensedoesnotapply.)Right: Bandstructureof
Co(001)alongthe∆-direction.Thegreenlinesshowtheresultofarelativisticbandstruc-
turecalculationincludingbandhybridizationinducedbySOC.Inthefourgraphs,thered/blue
coloringrepresentscontributionstothebandstructureofamajority/minoritystatethathas,ina
non-relastivictreatment,thesymmetrypropertiesindicatedatthetop.Theweightofeachcon-
tributionisilustratedbythethicknessofthelines.(Reprintedwithpermissionfrom[Chiang10].
CopyrightbytheAmericanPhysicalSociety.TheCClicensedoesnotapply.)
leadstoahybridizationofbands,whichareotherwisenotinteracting11.Inparticu-
lar,thisremovesthedecouplingofthemajorityandminorityspinbandstructure.
Asaresult,theelectronicbandscanhavemixedsymmetryandspincharacterand
alsotheshapechangesclosetohybridizationpoints.OntherightsideofFig.2.3,
thegreenlinesinalgraphsshowabandstructurethatiscalculatedbyChiang
etal.includingSOC12.Inaddition,theauthorsprojectedthespinandsymmetry
characterofthehybridizedbandstothecontributionsfromthediﬀerentspatialsym-
metries(blue/redpartsintheseparategraphsformajority/minorityspinelectrons).
Havingthisknowledgeaboutthesinglegroupcharacterofthestatesinvolvedina
band,thenon-relativisticselectionrulescanstilsupplyvaluableinformationabout
theunderlyingtransitionsinaphotoemissionprocess.
Step2:TravelingtotheSurface&InformationDepth
Aftertheexcitationofthephotoelectronsintotheﬁnalstateinsidethecrystal,
theyhavetopropagatetothesurfaceinordertobeemitted.InPESoneismainly
interestedinthecharacteristicsthattheelectronshavebeforethephotoemissionpro-
cesshappens.Therefore,thepartofthephotoelectronsthatconservestheoriginal
propertiesisparticularlyimportant.However,duringthetransporttothesurface
11MoredetailsabouttheinﬂuenceoftheSOCandtheresultinghybridizationofstatescanbe
foundin[Kuch01].
12CalculationstakingintoaccounttheSOCareoftencaled”relativistic”.
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theelectronsinteractwithotherelectrons,phononsordefects. Amongthescat-
teringmechanismsthatchangethemomentumorthekineticenergyoftheexcited
photoelectron,theinelasticelectron-electroninteractionisdominant.Theamount
ofelectronsthatreachthesurfacewithoutan(inelastic)disturbanceI(d)canbe
describedbyanexponentialdamping
I(d)
I0 =exp −
d
λIMPF , (2.21)
wheredisthepropagationdistanceinsidethecrystalandI0thetotalnumber
ofcreatedphotoelectrons. Theinformationdepthinaphotoemissionexperiment
isthenmainlydeterminedbytheinelasticmeanfreepath(IMFP)λIMPFofthe
electrons.InFig.2.4,theso-caled”universalcurve”isshown,whereλIMFPis
plottedagainstthekineticenergyoftheelectronsfordiﬀerentmaterials.
Figure2.4: Inelastic meanfreepathof
electronsindiﬀerent materials. Thecal-
culatedvaluesareshownasafunctionoftheir
kineticenergy.(Reprintedwithpermissionfrom
[Tanuma11].TheCClicensedoesnotapply.)
Ingeneral,thescatteringprobabilityandthusλIMFPforaspeciﬁckineticenergyof
theexcitedelectronsisdeterminedbytheamountofstatestowhichtheelectronscan
scatter.Therefore,anindividualshapeofthecurveinFig.2.4isexpectedforeach
materialdependingonitsspeciﬁcbandstructure.Surprisingly,thecurvesareonly
shiftedforthediﬀerentmaterialsandthegeneralshapeisalwaysthesame:λIMFP
showsaminimumataround50−100eVandincreasesforhigherandlowerelectron
energies. Theuniversalityofthecurveismainlygivenforkineticenergiesabove
20eVbecausetherethedistinctbandstructureofthediﬀerentmaterialsinducedby
thecrystalpotentialcanbeneglectedtoﬁrstorderandthebehavioroftheelectrons
canbegeneralymodeledbyafree-electrongas.Forkineticenergiesbelowthese
valuesamorematerial-speciﬁcdependenceisobserved,especialyforinsulatorsand
semiconductors[H¨ufner95].InFig.2.4,thisinﬂuencecanbeseenforthealkali
metalsanddiamondwhichliebelowandabovethesetofcurves,respectively.
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Besidestheinelasticmeanfreepath,theeﬀectiveattenuationlength(EAL)isoften
usedasameasureoftheinformationdepth.ThisparameterisbasedontheIMFP,
buttakesadditionalyintoaccountthattheeﬀectivepathoftheelectronstothe
surfacecanbeelongatedbyelasticscatteringevents.Eventhoughtheseeventsdo
notchangetheenergyoftheelectrons,thelongerpathmakesaninelasticscattering
eventmoreprobableandthusreducestheinformationdepth[Hofmann12].Itcan
beseenfromFig.2.4thatPESexperimentsare,inparticularforkineticenergiesof
valencebandphotoelectronsexcitedwithXUVlight,verysurfacesensitivedueto
theinelasticscatteringprocesses.
Figure2.5: Typicalphotoe-
missionspectrum with XUV
light.
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At high kineticener-
giesthespectrumisdominated
bystructuresfromundisturbedor
onlyelasticalyscatteredelectrons,
whereasfordecreasingkineticen-
ergiesarisingbackgroundfrom
inelasticalyscatteredsecondary
electronsiscontributing.
Ithastobenotedthatalquantitiesusedabovetodescribetheinformationdepth
areonlystatisticalparameters. Therefore,apartoftheelectronsalwaysscatters
inelasticaly. Duringtheseprocessesenergyistransferedtoelectronswhichwere
notexcitedbeforeandthatafterwardsalsocontributetothephotoelectronspec-
trum.Inaddition,theelectronsthatarenewlyexcitedcanscatteragainduringtheir
propagationthroughthecrystal.Theresultingcascadeofelectronswithdecreasing
energyleadstothelowenergytailofsecondaryelectronsthatistypicalypresentin
photoemissionspectra(seeFig.2.5).Incontrast,thephotoelectronsthatoriginate
fromthevalencebandsandreachthesurfacewithoutbeinginelasticalyscattered
canbetypicalyfoundathigherkineticenergiesforanexcitationwithXUVlight.
Theintensityofthesecondaryelectronbackgroundisincreasedbyeﬀectsthatlead
toadditionalscatteringlikedefectsinthecrystalinestructureorsurfacecontamina-
tions.Therefore,theratiooftheintensityofvalencebandelectrons,whichwerenot
involvedininelasticscatteringprocesses,andtheintensityofthesecondaryelectron
tailcanserveasanindicatorforthesamplequality.
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Step3:EmissionofthePhotoelectron&DeterminationoftheElectron
WaveVector
Inordertobedetected,thephotoelectronshavetoleavethecrystalwhenreachingits
surface.Therefore,theyneedtoovercomethepotentialgradientthatconnectsthe
(periodic)potentialinsidethecrystaltothepotential-freevacuumsurrounding.This
”surfacepotentialbarrier”leadstoachangeoftheelectronwavevectorcomponent
perpendiculartothesurfacek⊥,i.e.alongthepotentialgradient13. However,the
twocomponentsofthewavevectorparaleltothecrystalsurface,namelyk,xand
k,y,areconservedduringtheescapeprocesssincethetranslationalsymmetryisnot
brokeninthesedirections[Gobeli64,Damasceli04].Consequently,theequation
k=1 2m Ekinsin2(Θ) (2.22)
canbederivedfromgeometricalarguments,wheremistheelectronmass,Ekinis
thekineticenergygivenbyEq.2.13andΘistheescapeangleofthephotoelectron.
Thus,observingEkinandΘexperimentalyalowsadirectdeterminationofboth
componentsofk.
Incontrast,adirectmeasurementofk⊥isdiﬃcultduetotheinﬂuenceofthesur-
facepotential.Inordertogainknowledgeaboutthiscomponentoftheelectron
wavevector,diﬀerentapproacheshavebeendeveloped(see[H¨ufner95]).Themost
commonmethodtostudythebandstructureink⊥ directionistousethewave
vector-conservingnatureof(direct)opticaltransitions.Asaresult,excitationscan
onlyhappenforwavevectors,wherethebandstructurealowsaverticaltransition
whilesimultaneouslyfulﬁlingtheenergyconservation. Moreover,theconditionsfor
theenergyconservationvaryfordiﬀerentphotonenergiesresultinginachangeofthe
positionintheBZwheretheexcitationtakesplace.Therefore,diﬀerentwavevectors
canbeprobedifhνismodiﬁed.Thisapproachhasahighpotentialiftheunoccupied
ﬁnalstatesabovetheFermilevelarealreadyknownfrombandstructurecalcula-
tionsand/ormeasurementsusing,e.g.,inversephotoelectronspectroscopy(IPES)
[Dietz79,Strocov96]. Often,averysuccessfulwayofpredictingtransitionsisto
assumeafree-electronparabolafortheﬁnalstate. This”free-electronﬁnal-state
model”isinparticularvalid,iftheinﬂuenceofthecrystalpotentialontheﬁnalstate
canbeneglectedasforanexcitationwithhighphotonenergies,especialyinmetals.
Then,theperpendicularmomentumcomponentisgivenby(see[Damasceli04])
k⊥=1 2m(Ekincos2(Θ)+V0) (2.23)
13Thiscanbeeasilyshown,ifthespatialpatternofthebarrierisneglectedanditismodeledas
astep-likefunctionconnectingaconstantpotentialV0insidethecrystaltothepotential-freearea
inthevacuum.Determiningthewavefunctionsofaplanarwavepropagatingperpendiculartothe
surfaceplaneinasimpleone-dimensionalSchr¨odingerequationframework(see,e.g.,[Nolting02])
leadstodiﬀerentwavevectorsforbothareas:kcrystal∝√E−V0insidethecrystalandkvacuum∝√Einvacuum.
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withEkinfromEq.2.13andV0beingtheso-caled”innerpotential”.V0accountsfor
theoﬀsetbetweenthefree-electronparabolainsideandoutsidethecrystalandcanbe
determinedfromexperiment(periodicityofthebandstructure),theory(minimum
oftheperiodicpotential)oracombinationofboth(adjustmentofresults).In
general,thefree-electronﬁnal-statemodelisnotaccurateattheboundariesofthe
BZbecauseinthisregionbandgapsarepresentandleadtoabendingofthebands.
Inaddition,theparabolicshapeofﬁnalstatescanbesigniﬁcantlydistorted,e.g.,
duetothehybridizationofbands.
Besidestherequirementsforpossibletransitionsduetothedipoleselectionrules(see
leftsideofTab.2.1),theexperimentalgeometrycanfurtherlimittheavailableﬁnal
states.Inthepresentedwork,mostmeasurementsareperformedinnormalemission
fromafcc(001)surface. Here,only∆1ﬁnalstatesarealowed,becauseother
symmetriesdonotsupportapropagationoftheelectroninthedetectordirection
[001][Day12]. Forexample,the∆2state,whichhasthesamesymmetryasthe3dxyatomicorbital(seerightsideofTab.2.1)showninFig.2.6,hasnoelectron
probabilitydensityalongthe[001]-direction.
Figure 2.6: Angular distribution
ofanatomicorbital withoutcom-
ponentalongthez=[001]-direction.
Theredandbluespheresilustratethe
angle-dependenceoftheelectrondensity
ina3dxystate.(Reprintedwithpermis-
sionfrom[Keeler08].TheCClicensedoes
notapply.)
Energy-DistributionofSpectralFeatures
Asdescribedatthebeginningofthissubsection,thephotoexcitationprocesswasso
faronlytreatedforasingleelectroninanenvironmentwhichisnotchangingduring
thephotoemissionprocess.However,thisassumptionisnotvalidinreality,where
electroniccorrelationsplayasigniﬁcantrole. Exampleswithpropertiesthatare
dominatedbyelectroniccorrelationsareferromagnetsorhigh-TCsuperconductors.
Inthiscase,Eq.2.16cannotbeusedinthesimple,single-electronformanymore,
becausetheinvolvedstatescorrespondtoamultiparticlesystem.Thesituationof
thissystemdiﬀersfortheinitialstate,wheretheelectronisstilatitsorigininthe
systemofNelectrons,andtheﬁnalstate,whereitisexcitedandleavesbehinda
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positiveholeresultinginarearrangementoftheremainingN-1electrons.Assuming
thatthesituationofanN-1electronsystemwithapositiveholeremainsunchanged
untilthephotoemissionprocessisﬁnished(”suddenapproximation”),thiseﬀectcan
betreatedbyintroducinganadditionalfactorintoEq.2.16thatreplacestheDirac
deltafunction14.Itisusualycaled”spectralfunction”Asf=Asf(E)andtakesinto
accounttheprobabilityofthesystemtochangefromthegroundtotheparticular
excitedsituation. Withinthisframework,thedescriptionofthephotoexcitationis
againreducedtoasingle-electronprocess.BasedonaGreen’sfunctionapproach,
theformofAsfcanbedetermined[Schneider12]:
Asf=−1π
Im(Σ)
(E−E0−Re(Σ))2+(Im(Σ))2. (2.24)
Here,Σ=Σ(E)isthe”complexself-energy”thatcancontainvariousinteractions
oftheelectron,e.g.withotherelectronsorphonons.ItsrealpartRe(Σ)introduces
ashiftoftheenergeticpositionofspectralfeatures,whichwouldbelocatedat
E0withoutelectroncorrelations. Moreover,theimaginarypartsIm(Σ)introduces
alinebroadeningcomparedtothesharpDiracdeltafunctioninEq.2.16,which
representsthelifetimeoftheexcitedstate.
2.2.2 DescriptionwithinaOne-Step Model
Theseparationofthephotoemissionprocessintothreeindependentstepsasde-
scribedinSec.2.2.1isaverysuccessfulapproachforaqualitativeunderstandingof
theunderlyingmechanisms. However,inrealitythisstrictseparationisnotexact
andforaproperquantitativemodelingofexperimentalresultsithassomelimita-
tions,especialyindealingwiththescatteringoftheexcitedelectronsinthematerial
andatthesurface.Besides,someimportanteﬀectsliketheSOCarenotinherently
included,asdiscussedinSec.2.2.1(step1). Therefore,acompletequantumme-
chanicaltreatmentwithinonesinglestepusingasuitedinitialandﬁnalstateis
moreappropriateforaquantitativepicture.
Ingeneral,suchmodelsarebasedontheexcitationdescribedinEq.2.16andap-
proximatetheinitialstatewithaBlochwavefunctionandtheﬁnalstateusing
aso-caledinverselow-energyelectrondiﬀraction(LEED)function(seeFig.2.7).
Thelattercombinesafree-electronplanewaveinthevacuumwithanadequatewave
functioninsidethecrystal.ThiscanbeaBlochstateifabandispresentatthegiven
energyresultinginonlyaweakdampingofthewavefunctionfromthesurfaceinto
thecrystal.Here,thedampingisdominantlycausedbyelectron-electronscattering
andrepresentsthesituationdescribedbytheIMFPmodelinSec.2.2.1.Inthecase
wherenoBlochstatesareavailable,thewavefunctionisstronglydampedinsidethe
crystalandonlyanevanescentpartextendsfromthesurface.Transitionsintosuch
14Detailsaregiven,e.g.,in[Damasceli04].
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Figure2.7: Comparisonofthethree-andtheone-step modelofphotoemission. In
thethree-stepmodel,thephotoemissionprocessisdividedintothreeindependentparts.Inthe
one-steptheory,ontheotherhand,thesearetreatedaltogetherwithintheexcitationbyan
appropriatemodelingoftheinvolvedstates.(basedon[H¨ufner95])
statesarethusonlyhappeningclosetothesurface.Thename”inverseLEEDstate”
isused,becausethesituationoftheemittedelectroninphotoemissionissimilarto
aLEEDprocesswithasuppressedreﬂectioncomponentandundertime-reversal.
Therefore,thecorrespondingtheoreticalframeworkcanbeapplied.
2.2.3 SpinDetectionofPhotoelectrons
Asalreadymentioned,experimentalyobservingthespinpolarizationPofpho-
toelectronscanprovidevaluableinformationaboutthemagneticpropertiesofthe
electronsystem15.Ingeneral,duringtheexcitationofthephotoelectronitsspinis
conserved,becauseatransitionisonlypossiblebetweenbandswiththesamespin
character. However,ahybridizationofbandsduetotheSOCcaninduceasig-
niﬁcantamountofmixingbetweenthespinpropertiesofstatesthatareotherwise
purelypolarized(seestep1inSec.2.2.1). Moreover,thepropertiesoftheﬁnalband
playanimportantrole.Ifresultsareinterpretedonthebasisofbandstructure
calculationsinordertorevealthecharacteroftheinitialstate,theseeﬀectshaveto
beconsidered.Inaddition,inelasticscatteringprocessesduringthetransporttothe
surfacecaninduceachangeofthespinpolarizationofthephotoelectronsespecialy
inferromagnets,becausethebandstructureandthusthescatteringprobabilityis
diﬀerentforthemajorityandminorityspindirection. Nevertheless,thiseﬀectis
15Thefolowingdiscussiononlyincludestheeﬀectsleadingtoachangeofthespinpolarization,
whicharemostrelevantforthesituationtreatedinthiswork.Itisbasedonthemoredetailed
considerationsin[Osterwalder06],wherealsoothermechanismsarereviewed.
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notpresentfortheundisturbedelectrons,whichareinparticularinterestinginPES
(seestep2inSec.2.2.1).AnothermechanismthatcaninduceachangeofPisthe
correlationinsidetheelectronsystem.Theinﬂuenceofthiscorrelation,whichwas
describedattheendofSec.2.2.1,canbestronglyspin-dependentinferromagnets
andthusleadtosigniﬁcantchangesinmeasured(spin-resolved)photoemissionspec-
tra(seeSec.4.2).
Stil,thementionedeﬀectsareoftennotstronglydisturbingthespinpolarizationof
thephotoelectronsorcanbeconsideredintheinterpretation.Consequently,measur-
ingthespinpolarizationdisentanglestheinformationaboutthemagneticproperties
ofstatesinmanycases.TheconceptsthatarecommonlyusedinordertodetectP
arebasedonthecreationofaspinpolarization-dependentimbalancebetweentwo
intensitiesI1andI2,e.g.measuredatdiﬀerentpositionsinspaceorusingdiﬀerent
experimentalconditions.Then,theasymmetry
A=I1−I2I1+I2 (2.25)
andthespinpolarizationalongthesensitivedirectionofthedetector16
P=AS (2.26)
canbedeterminedbymeasuringthecorrespondingintensities.Sisoftencaled
”Shermanfunction”andisapropertyofthedetectorwhichvarieswiththekinetic
energyofthephotoelectrons. Thevaluerepresentstheabilityofthedetectorto
separatethephotoelectronswithrespecttothespinpolarizationratioprojected
alongoroppositetothesensitivedirectionofthepolarimeter.Stakesintoaccount
thecharacteristicsofthescatteringprocessunderthegivenconditions.Itisdi-
rectlyrelatedtotheasymmetrythatismeasuredforafulyspin-polarizedelectron
beamandcanbeexperimentalydeterminedusingArecordedforawel-knownspin
polarization,forexampleofelectronscreatedbyaGaAsphotocathodeorinthe
secondaryphotoelectronsfromaferromagnet.Forthecomparisonoftheeﬃciency
ofdiﬀerentspindetectorsaﬁgureofmerit(FoM)
FoM=II0S
2 (2.27)
isdeﬁnedthattakesintoaccountSandtheintensityIofelectronswhicharescat-
teredintothedetector(normalizedtotheincomingintensityI0).Thespin-orbit-as
welastheexchangeinteractioninatargetmaterialarewel-establisheddetection
mechanismsinspinpolarimeters.Inthefolowing,thethreemostcommonlyused
conceptsofspindetectorswilbeintroduced.
16Inthefolowing,theterm”spinpolarization”andalspinpolarizationvaluesrefertothis
projection.
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InaMottdetector,thespin-orbitinteractionduringascatteringprocessatsingle
nucleiisusedtocreateaspinpolarization-dependentdiﬀerenceintheintensityon
twoelectroncounters.Thediﬀerentialcrosssectiondσ/dθofsuchprocessescanbe
calculatedinanalogytothequantummechanicaltreatmentofscatteringintext-
books[Nolting13].However,sincethespinpropertiesoftheelectronareconsidered,
therelativisticDirac-andnottheSchr¨odinger-equationhastobesolved[Kessler85].
Theresultisgivenby
dσ
dθ∝(1+S(θ)P⊥) (2.28)
withaShermanfunctionSthatdependsonthescatteringangleθ.P⊥ denotes
thecomponentofthespinpolarizationthatisperpendiculartothescatteringplane
spannedbythetrajectoriesoftheincomingandoutgoingelectrons.Fortwoﬁxed
scatteringanglesθ2=θ1andparticularlyforθ2=−θ1,thetermintroducedbythe
SOCcanresultindiﬀerentscatteringprobabilitiesforspin-upandspin-downelec-
trons17.Thisleadstothedesiredimbalanceintheelectronbeamintensity. With
twoadditionalelectroncountersspanningtheperpendicularscatteringplane,two
orthogonalcomponentsofPcanbemeasuredsimultaneously.Inordertobuiltan
eﬃcientMottdetector,theSOC-relatedpartofthescatteringhastobemaximized
[Huang93].AccordingtoEq.2.11andEq.2.12,thetwomainparametersdetermin-
ingthestrengthoftheSOCarethespeedoftheelectronstowardsthetargetand
theatomicnumberZofthenucleus.Therefore,inMottdetectorstheelectronsare
typicalyacceleratedtoseveraltensofkeVandthenhitatargetwithahighZ,e.g.
aAufoil.Thescatteredelectronsaremeasuredatanangleofaround±120◦,where
theFoMhasapeak[Qiao97].TypicalvaluesfortheFoMthatcanbereachedwith
non-radioactivetargetsarearound2·10−4[Huang02].
Thesecondwidespreaddetectordesignisbasedonspin-polarizedlow-energyelectron
diﬀraction(SPLEED).Here,alsotheSOCisusedtocreateanintensityimbalance,
butthescatteringinthiscaseisperformedonaperiodiccrystalstructurewithelec-
tronshavingade-Brogliewavelengthclosetothelatticeconstantofthematerial.
Thisleadstointerferenceeﬀectsandthusamodulationoftheangulardistribution
ofthescatteringcrosssection.Themodulationhelpstoovercomeageneralprob-
lemofMottscattering,whereahighvalueoftheShermanfunctionisconnectedto
lowcrosssections[Kessler85].SPLEEDdetectorshaveaFoMthatiscomparable
totheoneofMottdetectors(FoM≈2·10−4[Johnson07]),butusualyoperateat
lowerelectronenergies(≈100eVforthetypicalyusedW(001)singlecrystaline
scatteringtarget)alowingamorecompactdesign. Ontheotherhand,thelow
kineticenergyandthereforeshortpenetrationdepthmakestheprocessextremely
surfacesensitiveandsmalsurfacechangesorcontaminationssigniﬁcantlyinﬂuence
thedetectorproperties.Consequently,acleaningofthetargetisnecessaryaftera
fewhoursofoperation.
17Spin-upandspin-downareheredeﬁnedwithrespecttothedirectionofP⊥.
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Thethirdtypeofdetector,whichrecentlystartedtoplayanimportantrolefor
spinpolarizationdetectionandisusedforthepresentedwork(seeSec.3.2.2for
details),isbasedontheinﬂuenceoftheexchangesplittingonthereﬂectionofelec-
trons[Tilmann89,Hilebrecht90].Here,theelectronsareguidedtoaferromagnetic
materialwithverylowkineticenergy(≈10eV,verylow-energyelectrondiﬀrac-
tion(VLEED))andtheintensityofthespecularreﬂectionisrecorded.Sinceour
detectoremploysan(oxidized)Fe(001)ﬁlmforthescattering,thefolowingexpla-
nationsfocusonthistargetmaterial.Atypicalexperimentalsituationisshownon
theleftsideofFig.2.8.Foraspin-polarizedelectronbeam,themeasuredintensity
diﬀersformeasurementswithaparalelandanantiparalelalignmentbetweenthe
magnetizationofthetargetandthedominantspindirectionoftheincomingelec-
trons.Again,thisimbalancecanbeusedtocalculatethespinpolarization.Inorder
tounderstandtheunderlyingeﬀect,thereﬂectedintensitiescanbetreatedsimilar
toaninversephotoemissionprocessandthusdirectlyrelatedtotheferromagnetic
bandstructure[Tamura86].Forthelowelectronenergies,therelevantpartofthe
bandstructureisstildominatedbydistinctbandsatenergiesslightlyabovethe
vacuumlevel.SimilartotheargumentationfornormalphotoemissioninSec.2.2.1
(step3),electronsthatimpingeonthetargetinnormalincidencecanonlybeab-
sorbedifacouplingtoahighsymmetrystateinthematerialispossible.Inthetop
rightpartofFig.2.8,thek⊥-dependenceofthestateswith∆1symmetryinFe(001)
isshownfork =0asafunctionoftheelectronenergyforseveraleVabovethe
vacuumlevel.Thebandstructureexhibitsashiftofthemajorityandminorityspin
electronstowardseachotherduetotheexchangeinteractionandagapbetween
thebandslabeledwithH15andH12ispresent.Theinﬂuenceofthisbandgapon
theelectronabsorptioncanbeseenintheIPESspectratakenbyBertaccoetal.
[Bertacco99a]fortherelevantenergyregion,whichareshowninthebottomright
partofFig.2.8.Here,thetwocurveslabeledwith”IPES”representmeasurements
employinganelectronbeamwithaspinpolarizationparalelandantiparaleltothe
magnetizationdirectionofthetarget.Inparticular,attheonsetoftheH15-band
aclearenhancementoftheIPESsignalcomparedtotheregionofthebandgap
isvisible(labeled”C”).InIPES,ahighersignalmeansanincreasedabsorptionof
theincomingelectrons.Inaddition,thespinresolutionoftheIPESmeasurement
revealsthatthepeakatfeatureCisshiftedforthetwoincomingspinpolarizations.
Thisisingoodagreementwiththebandstructurecalculationinthetoppartofthe
ﬁgurethatpredictsadiﬀerentenergeticpositionoftheminorityandthemajority
H15-band.Therefore,atE−EF=10eVonlystatesforminorityspinelectronsare
availableforabsorption,andthemajorityspinelectronsaremainlyreﬂected.Ina
directmeasurementofthereﬂectedelectroncurrent(RC),theresultingasymmetry
functionreachesvaluesupto+20%atthisenergies(seeinsetinthebottomright
partofFig.2.8,alsoshown:absorbedelectroncurrent(AC)).
Thehighasymmetryvalues,togetherwithahighreﬂectivityfortheelectronspo-
larizedparaleltothemagnetizationdirectionofthetarget,arewel-suitedforthe
30
2.2. PHOTOELECTRONSPECTROSCOPY
Figure2.8:Left: Typicalgeometryoftheexchangescatteringusedinspindetectors.
TheincomingelectronbeamK1isreﬂectedfromanFe(001)targetunderasmalangleϑ. The
intensityofthereﬂectedbeamK2isthenmeasured.Usingaﬁeldpulseinducedbythecoil,the
magnetizationM ofthetargetcanbeadjustedparalelorantiparaleltothespinpolarizationP0
oftheincomingelectrons.(Reprintedfrom[Bertacco99b]withpermissionofAIPPublishing.The
CClicensedoesnotapply.)Topright: High-symmetrystatesavailablefortheabsorption
ofelectronsenteringanFe(001)crystalinnormalincidence.Thestatesareshownasa
functionoftheelectronenergy,spincharacterandmomentumcomponentperpendiculartothe
surface.(Adaptedwithpermissionfrom[Bertacco99a].CopyrightbytheAmericanPhysicalSoci-
ety.TheCClicensedoesnotapply.)Bottomright: Correspondinginversephotoelectron
spectroscopyintensity.ThetwolinesintheIPESspectrarepresenttheresultsfortwoopposite
spindirectionsoftheincomingelectronbeam. Asaninset,theasymmetryinthereﬂectedelec-
troncurrent(RC)andtheabsorbedelectroncurrent(AC)betweenbothmeasurementsisshown.
(Adaptedwithpermissionfrom[Bertacco99a].CopyrightbytheAmericanPhysicalSociety.The
CClicensedoesnotapply.)
applicationinaspindetector.Theusabilityofspindetectorsbasedonthisprinci-
plewasfurtherenhancedbycarefulyoxidizingtheFesurface[Bertacco99a],since
thispassivatesthereactiveFeandmakesausageoverseveralweeksofoperation
possiblewithoutrepreparingthetarget. Moreover,theoxidizationevenenhances
theeﬃciencyofthedetectors[Bertacco99a].TheFoMthenreachesupto1·10−2
perspincomponent18[Okuda08].Insummary,theexchangeinteraction-basedde-
signismorethanoneorderofmagnitudemoreeﬃcientthantheSOC-baseddevices
andinadditionovercomestheirproblemsliketheneedforhighvoltage(Mott-type)
ortheregularrefreshingofthetarget(SPLEED-type). Furthermore,oneofthe
keyadvantagesofspinpolarimetersemployingexchangescatteringisthatso-caled
18Iftwoorthogonalspindirectionshavetobemeasured,theFoMreducestohalfofthevalue,
becausetwoconsecutivemeasurementsarenecessaryincontrasttoMott-orSPLEEDdetectors.
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”instrumentalasymmetries”havenegligibleinﬂuenceonthespinpolarizationbe-
causetheintensityimbalanceiscreatedbyswitchingthetargetmagnetizationin
subsequentmeasurements.Therefore,nomechanicalchangesarenecessaryandthe
devicesare,incontrasttoSPLEEDor Mottdetectors,usualybuiltwithonlya
singleelectroncountingsystem. Consequently,intensitydiﬀerencesbetweenthe
measurementsofI1andI2dueto,e.g.,varyinggeometriesorchanneltroneﬃcien-
ciesareverysmal.Thisisinparticularusefulformeasurementsofmagneticeﬀects
inthebandstructureofmaterialsthatdonotshowferromagnetismsinceinthiscase
instrumentalasymmetriescannotbecompensatedbyremagnetizatingthesample.
Forthesakeofcompleteness,anewdevelopmentinthedesignofspindetectorshas
tobementioned.Inrecentyears,detectorsthatarecapableofconservingthean-
gularinformationofaphotoelectronduringthespin-dependentscatteringprocess
weredeveloped(2Dspindetectors). Theirworkingprincipleiscloselyrelatedto
thatofaconventionalSPLEEDdetector.However,theyusethetargetasanimage-
conservingelectronmirrortocarveoutthespininformationofthefulpicturefrom
areal-ormomentum-spacemicroscopeatthesametime[Tusche11,Kutnyakhov13].
Ifabroadrangeofpositionormomentumvaluesisofinterest,thismulti-channel
detectionapproachalowsfarhighereﬃcienciesthansubsequentconventional,zero-
dimensionalspindetectionmeasurements.Sincetheirﬁrstrealizationemploying W
orIrtargets,whichagainhavethedisadvantageofaregularneedforcleaning,the
techniqueimprovedfurtheranddetectorsprovidingstableconditionsoverseveral
monthusingaAu-passivatedIr(001)surfacehavebeendemonstrated.Foreachpixel
ofatwo-dimensionaldistribution,theFoMinthisdetectortypecanreachvalues
above1·10−3[Vasilyev15].
2.3 Laser-Based High-Order Harmonic Genera-
tion
Inthephotoemissionprocess,whichisthesubjectoftheprevioussection,thepho-
toelectronisreleasedfromamaterialbytheabsorptionoflight.Inordertoperform
time-resolvedstudies,thislighthastobeprovidedinshortpulses. Furthermore,
aphotonenergy 5eVisnecessaryfortheinvestigationoftheentirevalence
bands.Laser-basedHHGisoneofthemostpromisingtechniquesforthecreation
ofsub-picosecondlightpulsesintheXUVspectralrangecoveringenergiesfrom
10eVto120eV.TypicalvaluesforthekeyparametersofHHGsourcesarelisted
inTab.2.2togetherwithreferencedataforcomparablelightsources,namelyfree-
electronlasers(FELs)andfemtoslicingatsynchrotron.
ThetableshowsthatFELsprovidebyfarthehighestphotonﬂuxoftheintroduced
sources.Ontheotherhand,thetotalnumberofphotonsisdistributedoverasmal
numberofpulsesresultinginahugepulseintensity.Forphotoemissionexperiments,
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Table2.2: Keyparametersoflightsourcesforfemtosecondextremeultravioletpulses.
HHGsourcesprovideahighphotonﬂuxatmoderateenergiesperpulse.
HHG FEL SynchrotronFemtoslicing
PhotonFlux
(photons/s)
<1014
[H¨adrich14]
<1016
[SLAC]
<1013
[Quast07,BESSY]
Repetition
Rate(kHz)
<100000
[Gohle05]
<0.12
[SLAC]
<4
[ALS]
Pulse
Duration(fs)
>0.07
[Zhao12]
>30
[FLASH]
>75
[ALS]
Photon
Energy(keV)
<1.6
[Popmintchev12]
<15
[SACLA]
<14
[SLS]
thisisacleardrawbacksincetheproduceddensecloudsofphotoelectronscreate
artifactsinthemeasuredenergy-andangulardistributioncurvesaswilbeshown
inSec.5.3.Hence,onlyalimitednumberofphotonsperpulsecanbeusedandthe
totalintensityhastobereducedevenbelowthephotonﬂuxofsourcesoperatingat
higherrepetitionrates.
Ontheotherside,thephotonﬂuxthatcanbereachedusinglaser-basedHHG
stilexceedstheintensityofsynchrotronfemtoslicing.Inaddition,therepetition
ratesthatcanbereachedarehigh. ForphotoemissionexperimentsseveralkHz
arethestandard[Mathias07,Rohwer11,Gierz13,Frietsch15]andevensomeMHz
werealreadydemonstratedinoptimizedschemes19[Chiang12,H¨adrich14].Thisis
signiﬁcantlyhigherthantherepetitionrateofcurrentFELs. Aclearlimitation
ofthelightcreatedbyHHGcomparedtotheothersourcesisthelowmaximum
photonenergy20ofaround100eVandthat,sofar,circularlypolarizedlightisnot
availablewithreasonablehighphotonﬂux21.
However,therangeofavailablephotonenergiesexceedstypicalworkfunctionsof
metalsstilbyfarandopensupthefulrangeofultravioletphotoelectronspec-
troscopy(UPS)experimentsexploringthevalencebandstructure.Inaddition,even
the3pcore-levelsofthe3dferromagnetsFe,NiandCo,whichareparticularly
interestingformagneticstudies,canbereached. Thelackofcircularlypolarized
light,whichwouldenablemagneticalysensitivemeasurementtechniqueslikex-ray
magneticcirculardichroism(XMCD),isalsonotlimitingthepresentedstudies,
becauseourgoalisadirectdetectionofthespinofthephotoelectrons.Inaddition,
19ItisfurtherremarkablethatH¨adrichetal.achievedahighrepetitionrateandverybright
harmonicsatthesametime.
20Higherphotonenergiescanbereached,butwithaﬂuxthatisnotsuﬃcientforphotoemission
experimentsatpresent[Popmintchev12].
21Recently,ﬁrstexperimentsshowedwaystoproducebrightXUVradiationwithcircularpolar-
izationfromHHG[Vodungbo11,Grychtol14,Kﬁr15].
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HHGcanberealizedinalaboratory-basedtabletoparrangementwhereasFELs
andfemtoslicinginsynchrotronsneedlarge-scalefacilities. Thisfactresultsin
aneasierhandlingandindividualtuningtomatchtheexperimentalneedsaswel
asahighertemporalavailabilityofthephotonbeamwithoutthedependenceon
limitedbeamtimes. Altogether,thecombinationofabrightaveragephotonﬂux
withhighrepetitionratesandthesuperiortemporalresolutionmakeslaser-based
high-orderharmonicgenerationatthemomentthetechniqueofchoiceforultrafast
photoemissionstudies.
Totriggerthe HHGprocess,shortandveryintenselaserpulsesarefocused
intoanoblegas,whereanon-linearenergyconversiontakesplace.Inthepresented
setup(seeSec.3.1),weuseArgasastheconversionmedium,whichisconﬁnedin
acapilarywaveguide. Thesourcecanbedrivenbyfundamentallaserlightwith
awavelengthofλ1=780nmorλ2=390nm. Nevertheless,theconsiderationsin
Sec.2.3.1andSec.2.3.2areingeneralvalid,whereasthespecialsituationforthe
λ2=390nmlightwilbediscussedinSec.2.3.3.Acharacteristicenergyspectrum
ofthelightcreatedbyHHGisshowninFig.2.9.Itconsistsofacombofintensity
peaksthatareseparatedbytwicethefundamentalphotonenergyofthelaser.The
amplitudedropsfastforlowharmonicorders(”perturbativeregime”),thenitstays
almostconstantoverawiderange(”plateau”)untilitreachesthe”cut-oﬀ”region,
whereitagaindecreases.
Figure2.9:Typicallightspec-
trumcreated by high-order
harmonicgeneration. Thein-
tensitydistributionisplottedas
afunctionoftheharmonicorder.
(Reprintedwithpermissionfrom
[Winterfeldt06]. TheCClicense
doesnotapply.)
2.3.1 Three-Step Modelof High-Order Harmonic Genera-
tion
Thenextparagraphswilintroducetheso-caled”three-stepmodel”,whichiscapable
ofexplainingmostofthekeypropertiesofHHGradiationbythereactionofasingle
electrontothelaserﬁeld. Theframeworkofthisquasi-classicaltheoryisbased
on[Corkum93,Kulander93],however,theargumentationinthissectionwilfolow
thesummaryofPfeiferetal.[Pfeifer06].Aquantummechanicaldescriptionofthe
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processhasbeendevelopedaswel.Nevertheless,thesemi-classicalapproachrelates
thelightpropertiesmoretransparentlytotheunderlyingprocessesandyieldsresults
thatdiﬀeronlyslightlyfromthequantummechanicalcalculations.Inthethree-step
model,theconversionprocessisdividedintothreeindependentparts:(1)theatom
isionizedandreleasesanelectron,(2)thiselectronisacceleratedintheelectricﬁeld
ofthelaserpulse,and(3)theelectronrecombineswiththeparentionunderthe
emissionofXUVradiation.
Figure2.10: Three-step modeldescribinghigh-orderharmonicgeneration. First,the
strongelectricﬁeldofthelaserpulsemodiﬁesthecore-potentialofthenoblegasionalowing
fortunnel-ionization(step1). Then,thefreedelectronisacceleratedintheelectricﬁeldofthe
laser. Duetoitssinusoidalform,thelaserﬁeldreversesitsdirectionaftersometimeanddrives
theelectronbacktowardstheion(step2).Forthecaseswheretheelectronpassestheposition
oftheion,thereisaprobabilityforrecombinationresultingintheemissionofaphotoncarrying
thepotentialenergyandthekineticenergythattheelectrongainedinthelaserﬁeld(step3).
(Reprintedwithpermissionfrom[Pfeifer06].CopyrightbyIOPPublishing.TheCClicensedoes
notapply.)
Step1:Tunnel-Ionization
Intheﬁrststep,theelectronhastobedetachedfromtheatomiccorepotential.
Sincethispotentialishigherthantheusedlaserphotonenergyof1.6eVto3.2eV,
twodiﬀerentmechanismsaremostprobabletotriggerthisprocess: multiphoton
excitationortunnelionization. WhichprocessisdominatingintheregimeofHHG
canbeestimatedbytheso-caled”Keldyshparameter”
γ= Ip2Up. (2.29)
35
CHAPTER2. FUNDAMENTALCONSIDERATIONS
Here,Iprepresentstheionizationpotentialoftheatomand
Up= e
2E20
4meω2 (2.30)
theponderomotivepotentialofthelaserwithωbeingthefrequencyandE0=
2/(c·0)·Itheamplitudeoftheelectricﬁeldofthelaserpulse. Theintensity
isdenotedbyIandtheconstantsc,0,eandmehavetheirusualmeaningas
thespeedoflight,thevacuumpermittivity,theelementarychargeandtheelectron
mass,respectively.Ifthelaser-inducedpotentialUpismuchlowerthantheioniza-
tionpotentialIp(andthusγ 1),multiphotonabsorptiontakesmainlyplace.On
theotherhand,tunnelionizationisdominantforlaserﬁeldscausingponderomotive
potentialsthatstronglyexceedtheionizationpotential(γ 1).
CalculatingtheponderomotivepotentialusingEq.2.30forlaserparameterstypi-
calyreachedinoursetup22yieldsUp1≈134eVandUp2≈13eVforthefundamental
wavelengthsλ1=780nmandλ2=390nm,respectively.Togetherwiththeioniza-
tionpotentialoftheArgas(Ip=15.8eV[Gibson04]),theKeldyshparametercan
bedeterminedasγ1=0.24andγ2=0.79.Eventhoughγ2isalreadyclosetounity
andmulti-photonprocessesstarttobeimportanthere[Gkortsas11],bothvaluesare
smalerthan1andthusintheregimedominatedbytunnel-ionization. Here,the
corepotentialisbentduetothehighelectricﬁeldofthelaser(seeFig.2.10,step1)
andonlyanenergybarrierwithﬁnitewidthholdstheelectronsbackfromleaving
thecore.Anelectroncanthentunnelthroughtheremainingbarrier.
Step2: AccelerationintheLaserField
Oncetheelectronhaslefttheatomicpotential,itcanbetreatedasfreeand,forthe
laserintensitiesthatarereached,itcanbedescribednon-relativisticaly.Itisthen
acceleratedbytheelectricﬁeldEofthelaserpulseawayfromtheion.However,since
theelectricﬁeldfolowsasinusoidalshape,itsdirectionturnsaftersometimeand
theelectrontravelsbacktowardstheparention. UsingtheNewtonianmechanics
F=eE=matodescribethisharmonicmotioninthelaserﬁeld,theexpression
x(t)=eE0meω2(cos(ωt+φ)−cos(φ))+
eE0
meωsin(φ)t (2.31)
canbederivedforthetime-dependentpositionoftheelectronwithφdescribingthe
phaseoftheelectricﬁeldatthetimeofionization.Themeaningoftheothervari-
ablesisidenticaltoEq.2.30.UsingthederivativeofEq.2.31andEkin=0.5mv2,
theexpressionfortheponderomotiveenergyinEq.2.30canbederivedbyaveraging
22FortheevaluationapulseenergyofI1=1.6mJ/I2=0.6mJforthe780nm/390nmbeamis
used. Thepulsedurationisconsideredas∆t1≈∆t2≈35fsandthefocusedbeamdiameteras
d1≈d2≈50µm.
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overacycleoftheelectricﬁeld23.Inaddition,themaximumkineticenergythat
theelectronsreachcanbedeterminedasEkin,max=8Up.
Step3: Recombination
Byplottingthepositionoftheelectronversustime,itcanbeilustratedforwhich
valuesofφarecombinationwiththeparentionispossible.Onlytrajectoriesthat
passthepositionoftheion(x=0)again,cancontributetotheHHGprocess.In
Fig.2.11,electrontrajectoriescalculatedusingEq.2.31withω=1andeE0/me=1
areplottedforselectedvaluesofφ
0 2 4 6 8
−6
−4
−2
0
2
Time (Arb. Units)
Dist
an
ce 
bet
we
en 
Ele
ctr
on
an
d A
to
m C
ore
 (A
rb.
 U
nits
)
5π 6π4π&
3π&7π
2π&8π
1π&9π
0 &10π
Φ/10:
.
Figure2.11: Electrontrajectoriesinthe HHGprocessfordiﬀerentphasesofthe
electricﬁeldofthelaserpulseatthetimeofionization. Forphasesintherangeof
0≤φ<π/2(blacklines),theelectronreturnstothepositionoftheatomcoreandarecombination
ispossible.Incontrast,theelectrondriftsawayfromtheatomiccorewithoutreturningtothe
positionoftheatomcoreforphasesbetweenπ/2≤φ<π(bluedots).Forionizationtimeswith
phasesinthesecondhalfcycleoftheelectricﬁeldofthelaser(π≤φ<2π),thesamebehavior
canbederived.(basedon[Pfeifer06])
Itcanbeseenthatx=0hasonlyasolutionif0≤φ<π/2.Fortheotherphases,
theconstantdriftvelocityterm(x(t)∝sin(φ)t)preventsarecombination. The
secondhalf-cycleofthelaserﬁeld(π≤φ<2π)showsthesamedependenceand
onlyelectronsthatareionizedataphaseofπ≤φ<3π/2recombine. However,
herethepositionoftheelectronhasoppositesigncomparedtotheﬁrsthalf-cycle.
ThefactthattheHHGprocesscanhappentwicewithinonelasercycleexplains
alreadytheseparationoftheharmonicpeaksoftheemittedlight(seeFig.2.9again).
Takingintoaccountthat,inourcase,theHHGlightiscreatedbyalaserpulse
consistingofseveralful-cycles,theproducedfemtosecondXUVpulseisconstructed
byseverallightburststhatareproducedtwiceeachcycle. Thisresultsinatime
23Anyconstantdriftvelocityisneglectedsinceonlythegainedenergyduetothewigglinginthe
laserﬁeldcontributestotheponderomotiveenergy.
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delaybetweentheburstsof∆t=T/2,withTbeingtheperiodoftheelectricﬁeld.
Fromthistimestructure,theseparationof
∆f=2ω (2.32)
inthespectraldistributionresultsdirectlythroughaFouriertransform.
Besidestheexplanationoftheseparationbetweentheharmonics,themaximum
kineticenergythattheelectronisabletoreachatx=0canbedeterminednu-
mericalyusingthetrajectoriesinEq.2.31. TheresultisEmax,x=0 =3.17Upfor
φ=0.1π.
Furthermore,thephotonenergyafterrecombinationisgivenbythesumoftheion-
izationpotentialoftheatomIp,whichisgainedwhentheelectronrecombines,and
thekineticenergythattheelectronhasatthetimeofrecombinationEkin. Con-
sequently,themaximumphotonenergythatcanbeachievedwithHHG(”cut-oﬀ
energy”)is
hνcut−off=Ip+3.17·Up. (2.33)
Thisquantitycanthusbetunedbydecreasingthelaserfrequencyω,byincreasing
thelaserintensityE0orbychangingthenoblegasandthereforeIp. However,
thecut-oﬀenergycanbesigniﬁcantlyreducedbydestructiveinterferencedueto
aphasemismatchofthefundamentallaserandtheHHGlight(seeSec.2.3.2and
[Rogers08,Falc˜ao-Filho10]forfurtherdetails).Italsohastobementionedthatnot
alelectronspassingx=0wilrecombineandthatmostelectronswilremainfree.
2.3.2 Phase MatchingConditions
OneimportantconditionthathastobefulﬁledforeﬃcientHHGisthatthefun-
damentallaserlightandthecreatedXUVradiationtravelin-phasethroughthegas
becausethehighenergyphotonscreatedatdiﬀerentpositionsalongthecapilary
shouldinterfereconstructively.Hence,thediﬀerencebetweenthewavevectorsfor
bothwavelengthhastobeminimized24.Awavelengthdependenceofthewavevector
inthecaseofHHGismainlygiveninthetermsaccountingfortheneutraldispersion
inthegaseousconversionmedium(kdisp),forthegeometricsituationdeﬁnedbythe
capilarywaveguide(kgeom)andfortheplasmathatiscreatedbytheionizationof
theatoms(kplasma).Altogether,thisleadstotheexpression
∆k=∆kdisp+∆kgeom+∆kplasma (2.34)
forthetotaldiﬀerenceofthewavevectorofthefundamentallightandthem-th
harmonicwiththepartialcontributions
∆ki=mki(ωf)−ki(mωf). (2.35)
24Again,theexplanationsinthissubsectionarebasedontheargumentationgivenin[Pfeifer06].
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Thewavevectorkisdirectlyrelatedtotherefractiveindexnvia
k(ω)=(n(ω)−1)ωc, (2.36)
wherecisthespeedoflightinvacuum.ThewavevectormismatchinEq.2.34can
beminimizedorevencanceledoutwithacarefuladjustmentofthesingleterms
sincetheyhavediﬀerentsigns(∆kdisp>0,∆kgeom<0,∆kplasma<0).Thiscanbe
realized,e.g.,byvaryingthepressureofthenoblegasorchangingthepositionofthe
laserfocalpoint.However,sincethetermschangeforvaryingwavelengths,thephase
matchingcanalwaysonlybeperfectlyachievedforoneofthecreatedharmonics.
This,ontheotherhand,makesitpossibletoenhanceorsuppresspartsoftheHHG
spectrumdependingontheparticularneeds.Inthefolowing,thecontributionsto
thewavevectormismatchwilbeexplainedseparatelyinmoredetail.
NeutralDispersionkdisp
AccordingtoEq.2.36,thewavelength-dependenceoftherefractiveindexleadsto
adiﬀerenceinthewavevectorsforthefundamentalandtheharmoniclight.For
wavelengthsinandclosetothevisiblerange,therefractiveindexofamaterialcan
beapproximatelydescribedbytheSelmeierequation. However,thisfailsforthe
situationclosetooratresonances.Adeeperinsightintotherefractiveindicesfor
theenergyrangesrelevantforHHGisgivenin[Rogers08].Ingeneral,therefractive
indicesaresmalerthan1intheXUVrange(nh<1)andlargerthan1inthevisible
andnear-infrared(NIR)range(nf>1).Table2.3summarizestypicalvaluesforthe
refractiveindicesatphotonenergiesrelevantforthepresentedwork.UsingEq.2.35
andEq.2.36,theresultingdiﬀerenceinthewavevectorisgivenby
∆kdisp=mkdisp(ωf)−kdisp(mωf)=(n(ωf)−n(mωf))mωfc >0 (2.37)
andgivesalwaysapositivecontributiontoEq.2.34.
Table2.3: Refractiveindicesforfundamental(nf)andharmonic(nh)radiationinthe
HHGprocessandtheresultingwavevector mismatch. ThevaluesarecalculatedforAr
atroomtemperature.(takenfrom[Rogers08]andconvertedtoapressureofP=50mbarusing
n=1+(n0−1)P/P0withn0beeingtherefractiveindexatthereferencegaspressureP0)
nf−1 nh−1
λ1=780nm(hνh=40eV) 1.4·10−5 −0.7·10−5
λ2=390nm(hνh=20eV) 1.45·10−5 −2.6·10−5
GeometricDispersionkgeom
Thesecondcontributingtothewavevectormismatch,∆kgeom,isinducedbyfocusing
andconﬁningthelaserlightintothecapilarywaveguide. Solvingthe Maxwel
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equationsforthelaserbeaminsidethewaveguidewiththecorrespondingboundary
conditionsgivesasasolution,accordingto[Marcatili64],asetofmodeswithwave
vectorsdeﬁnedby
kgeom=2πλ 1−
1
2
unlλ
2πa
2
. (2.38)
Here,aistheinnerradiusofthecapilary,λthelightwavelengthandunlisdeﬁned
usingtheBesselfunctionsJbythel-throotofJn−1(unl)=0.Forthediﬀerenceof
thewavevectors,thisandEq.2.35givestheexpression
∆kgeom=mkgeom(ωf)−kgeom(mωf)= u
2nlc
2a2mωf(1−m
2)<0. (2.39)
Obviously,theprefactorhasonlypositivecontributionsandtheharmonicorderis
>1,whichresultsinanegativetermforthewavevectormismatch.
PlasmaDispersionkplasma
Asexplainedinthethree-stepmodel,duringtheHHGprocesselectronsaredetached
fromtheiratomiccore(step1)andsincemostofthemdonotrecombine(step3)the
formerlygaseousconversionmediumispartlyleftinaplasmastate.Theresulting
freecharges(electronsandions)arethenseparatedspatialybytheelectricﬁeld
andcreateachangeoftherefractiveindexleadingto
nplasma(ω)= 1− ωpω
2≈1−12
ωp
ω
2. (2.40)
Here,ωpistheplasmafrequency,whichisproportionaltothesquarerootofthe
densityoffreeelectronsNe(ω2p∝Ne).Thelinearapproximation((1+x)n≈1+nxfor|x| 1)inEq.2.40isvalidsincethelaseraswelastheXUVradiationcreate
onlysmalelectrondensitiesNecomparedtothecriticaldensityNc∝ω2(Nc=
1.75·1021cm−3[Pfeifer06]).CalculatingthewavevectormismatchfromEq.2.40,
Eq.2.35andEq.2.36gives
∆kplasma=mkplasma(ωf)−kplasma(mωf)= ω
2p
2cmωf(1−m
2)<0. (2.41)
Thistermisagainalwaysnegativesincetheregardedharmonicordermisalways
largerthan1andthecoeﬃcientsarealpositive.
2.3.3 Wavelength-Dependence of High-Order Harmonic
Generation
DrivingtheHHGsourcewithawavelengthofλ2=390nmcomparedtotheoper-
ationwithλ1=780nmlaserlightleadstoseveralnotablediﬀerences.First,from
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Eq.2.33andEq.2.30folowsaquadraticdependenceofthemaximumphotonenergy
ontheinverseofthewavelengthofthefundamentallaser(hνcut−off∝1/ω2).Thus,
themaximumcut-oﬀenergyissigniﬁcantlyreducedforshorterwavelengths.Second,
theharmonicsarestilseparatedbytwicethephotonenergyleadingtoaspacingof
theintensitypeaksthatisdoubledfortheλ2=390nmbeam(2ωf2ˆ=6.4eV)com-
paredtotheoperationwith780nmlaserlight.
Finaly,theconversioneﬃciencyintheHHGprocessscaleswiththewavelength.A
dependencefolowingλ−6fortheplateauandλ−5forthecut-oﬀregionwasfound
byFalc˜ao-Filhoetal.[Falc˜ao-Filho10]. Thisleadstoanincreaseofthephoton
ﬂuxbyonetotwoordersofmagnitudeforchangingthefundamentalwavelength
from780nmto390nm. Thus,thelossofintensitycausedbytheconversionef-
ﬁciencyofthesecondharmonicgeneration(SHG)inaβ-BaB2O4(BBO)crystal,
whichistypicalyaround30%,isbyfarovercompensated. Moreover,theauthors
in[Falc˜ao-Filho10]showthattheconversioneﬃciencyreachesitsmaximumvalue
alreadyforlowpumpingpowersif400nmlightisusedandstaysconstantovera
broadintensityrange. Thissaturatedoperationregimeispreferablewhenpump-
ingtheenergy-upconversionwithalaserampliﬁersystem,because(pulse-to-pulse)
laserintensityﬂuctuationsaswelasintensitydriftsarenotenhancedinanon-linear
way. MostofthefeaturesinducedbydrivingtheHHGsourcewithshorterwave-
lengthsand,inparticular,theadvantagesforphotoemissionarefurtherdiscussed
andexperimentalytestedin[Eich14].
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3 ExperimentalSetup
Theconsiderationsinthelastchapteralreadyoutlinedthemainpartsoftheex-
periments. First,femtosecondextremeultraviolet(XUV)lightpulseshavetobe
providedfortheexcitationofthephotoelectronsfromthevalencebands.Second,
adetectionsystemcapableofmeasuringtheirkineticenergyandspinisneeded
todisentanglethemagneticproperties.Theseconditionsarefulﬁledbythesetup
sketchedinFig.3.1,whichisusedforthephotoemissionexperimentsanddescribed
inthefolowing1.Section3.1dealswiththelightsourcebasedonhigh-orderhar-
monicgeneration(HHG). Theultrahighvacuum(UHV)environmentcontaining
theequipmentnecessaryforthephotoelectronspectroscopy(PES)experimentsand
insitusamplepreparationisintroducedinSec.3.2.
3.1 MonochromaticFemtosecond-PulsedExtreme
UltravioletLightSource
ThebasisofthefemtosecondXUVlightsourceisalaserampliﬁersystem(Dragon,
KMLabs).Inordertocreateintense,ultrashortlaserpulsesituseschirpedpulse
ampliﬁcation.Thismeansthatsinglepulsesfromafemtosecond-pulsedseedlaser
areﬁrststretchedintime,thenenhancedbyguidingthemseveraltimesthrough
anadditional,stronglypumpedcrystal,andﬁnalycompressedbacktothedesired
pulseduration. Asactivemedia,ourlasersystemusesTi3+-dopedAl2O3crys-
tals(Ti:sapphire)intheseedlaseraswelasintheampliﬁcationstage.Inthe
presentedwork,thelaserwasusedtocreatelightpulseswithadurationof35fs,
acentralwavelengthof780nmandapulseenergyof≈2mJ/1.4mJatarepeti-
tionrateoffrep=3kHz/5kHz. Furtherdetailsaboutthesystemcanbefound,
e.g.,in[Weier15]. Thegeneralsetupfortime-resolvedmeasurementsisbasedon
apump-probescheme[Bauer05],wheretheoriginalbeamissplitintotwoparts.
Oneofthem,theso-caled”pump”beam,drivesthesystemintoanexcitedstate
fromwhichitcanthenrelaxback.Thesecondbeam(”probe”)measuresthestate
ofthesystemafteracertaintimedelay.Byrepeatingthisprocedurewithvarying
1Notethatpartsofthischapterarealsosubjectof[Pl¨otzing16].
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Figure3.1:Setupfortime-andspin-resolvedphotoelectronspectroscopy.Theextreme
ultravioletlightisgeneratedinthehigh-orderharmonicgenerationsource(bottomright)andcan
bemonochromatized,focussedandalignedintheevacuatedbeamline.Afterwards,itiluminates
thesampleintheexperimentalchamberleadingtotheemissionofphotoelectrons,whicharethen
analyzedusingthespectrometerandthespindetector(leftside).(Adaptedfrom[Pl¨otzing16]with
permissionofAIPPublishing.TheCClicensedoesnotapply.)
delaybetweenthepump-andprobe-pulses,thetimeevolutionoftherelaxationof
areversibleprocesscanbetraced.Inoursystem,theﬁrstpartofthelaserbeamis
usedwithitsoriginalphotonenergyasapumptodepositenergyintothesystem,
andthesecondpartisfrequency-upconvertedandthentriggersthephotoemission
processforprobingthetransientstate.
Asalreadymentioned,aHHGsourceisusedforthefrequency-upconversionin
oursetup.Itcanbeusedintwodiﬀerent”driving”modeseachrequiringdiﬀer-
entelementsinthebeampath.Intheﬁrstone,referredtoasred-drivenmode
(RDM)inthefolowing,thefundamentallaserwavelengthof780nmisdirectly
usedfortheHHGprocess,whereasintheblue-drivenmode(BDM)thelightisﬁrst
frequency-doubledina200µm-thickβ-BaB2O4(BBO)crystal(Type1,cuttingan-
gleΘcut≈29.2◦).InourexperimentsemployingtheBDM,theeﬃciencyofthe
secondharmonicgeneration(SHG)wasabove30%.AftertheSHG,theremaining
780nmlightisseparatedbyadichroicbeamsplitterandusedasthepumpbeam.
IntheRDM,usualyaround10%ofthelaserlightissplit-oﬀfortheexcitation
beforethelightenterstheHHGsource.Thepartofthelaserlightthatisintended
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todrivetheHHGprocessisinbothcasesfocusedbyalensintoaglass-capilary
withaninnerdiameterof150µmservingasawaveguide.Sinceforvalenceband
photoemissionaneﬃcientenergyconversionismoreimportantthanmaximizingthe
cut-oﬀenergy(seeEq.2.33),weuseArgasintheBDMaswelasintheRDMasthe
conversionmedium[Falc˜ao-Filho10].Inordertooptimizetheconversioneﬃciency
andthespectraldistributionoftheXUVlight,thephase-matchingconditions(see
Sec.2.3.2)canbevariedmainlybymovingandtiltingthecapilary,shiftingthe
focalpointofthelaserbeamandchangingthegaspressure.Ingeneral,thebest
resultswereobtainedforgaspressuresintherangeofp=10−50mbarinour
setup. Afteritscreation,theXUVlightwaskeptinalow-pressureenvironment
(p<1·10−3mbar)toavoidreabsorption.Thebeampathofthelightis,however,
diﬀerentforbothmodesafterleavingtheHHGsource,becausethelightspectra
diﬀerasalreadydiscussedinSec.2.3.3.
Usingthe780nmdrivinglight,abroadcombofharmonicintensitypeaksreaching
upto≈45eV[Mathias07,Falc˜ao-Filho10]iscreated.Inordertouseitforphotoe-
mission,oneoftheharmonicshastobeisolatedusingamonochromator. Thisis
achievedbyconstructiveBraggreﬂectionatapairofSi/Momultilayermirrors,which
arespeciﬁcalydesignedtoselecttheharmonicpeakcenteredathνRDM=42.7eV.
Themirrorsarearrangedinaz-shapegeometrywithanincidenceangleof5◦with
respecttothesurfacenormal(seetopleftsideofFig.3.2)inordertoobtainthe
desiredenergyselection. Acurvatureofthesecondmirrorfocusesthebeamonto
thesample.Inthisgeometry,onlyaround4%ofthelightoftheselectedharmonic
istransmitted.AfterpassingtheBraggmirrors,remainingfundamentallaserlight
isblockedbya200nm-thick,freestandingaluminumfoilwhichtransmits65%ofthe
XUVradiation(seerightsideofFig.3.2).
ThisAlfoilisalsousedintheBDM. Here,thecut-oﬀenergyoftheharmonics
spectrumcanbetunedbychangingthephase-matchingconditionsinsuchaway
thatonlyoneharmonicpeakexceedsthelow-energycut-oﬀoftheAl[Eich14].
Thus,alreadyoneharmonicissingledoutwith,inourcase,aphotonenergyof
hνBDM =22.5eV. Sincenofurthermonochromatizationisnecessary,theXUV
lightisonlyreﬂectedfromaSiO2wafertosuppressthefundamentallaserlight
andatoroidalAumirrorinordertoachievefocusing.Bothreﬂectionsarecarried
outingrazingincidence(85◦towardsthesurfacenormal,seebottomleftsidein
Fig.3.2)resultinginatotaltransmissionhigherthan70%(calculatedwiththe
software”REFLEC”fromtheBESSYIIsoftwarelibrary[Sch¨afers96]).
TypicallightspectraarrivingatthephotoemissionchamberareshowninFig.3.3
fortheRDMaswelastheBDMcase. Theyshowtheﬁrstdiﬀractionorder
measuredwithaself-constructedopticalgratingspectrometerusinga2µm-period
andahighlysensitivitycharge-coupleddevice(CCD)2. Thespectrometerwas
alsoemployedtomonitortheXUVoutputduringHHGoptimization.Theenergy
2Thespectrometerissimilarto[La-O-Vorakiat09,Rudolf12],butusinganon-magneticgrating.
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Figure3.2:Left:Beampathinthemonochromatorchamberinthe”red-drivenmode”
(top)and”blue-driven mode”(bottom).Ifthefundamental780nmlightofthelaserisused
fortheHHGprocess,oneharmonicisselectedfromtheXUVradiationbyBraggreﬂections.
Foralreadyfrequency-doubledlight,nofurthermonochromaterisnecessaryresultinginahigher
transmission.(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing. TheCClicense
doesnotapply.)Right:TransmissionofathinAlfoilfordiﬀerentphotonenergies. The
cut-oﬀat17eVcausesablockingofthefundamentallaserlightaswelasharmonicswithlower
order.(datatakenfrom[Henke93])
ofthedominatingharmonicpeakinthespectraisdeterminedbycomparingthe
Fermilevelcut-oﬀofphotoemissionspectrameasuredwiththeHHGsourceand
withawel-characterizedHegas-dischargelamp(seetheendofthissection). A
furthercalibrationoftheenergyscaleisthenrealizedbyusingtheknowledge
abouttheseparationoftheneighboringharmonics(seeEq.2.32). Thecentral
photonenergiesare22.5eVand42.7eVforthetransmittedlightintheBDMand
theRDM,respectively,andtheful widthathalfmaximum(FWHM)ofthemain
intensitypeaksisbelow500meVinbothcases.However,thisvalueisonlyanupper
limitandisinﬂuencedbythewavelengthresolutionofthegratingspectrometer.
Amoreprecisedeterminationisperformedusingthephotoemissionresults(see
Chap.5). Moreover,Fig.3.3showsthatneighboringpeaksaresuppressedbymore
thanafactorof10. ThelightprovidedbytheHHGsourcehasthesamepolar-
izationasthefundamentallaserbeam.Ifnotstatedotherwise,thepolarization
ishorizontalintheRDMandverticalintheBDMwithinthepresentedwork.
TheXUVlightgeneratedbytheHHGsourcepropagatestowardsthesamplein
thehorizontalplanewithanangleof45◦withrespecttothedirectionwherethe
photoelectronsaredetected. Thephotonenergiescanbetranslatedintoelectron
wavevectorsperpendiculartothesamplesurfacewithinafree-electronﬁnalstate
framework(seeSec.2.3)accordingtoEq.2.13andEq.2.23.Forthevalenceband
electronsofComeasuredinnormalemission(Eb=1eV,Θ=0,V0=15eVfrom
46
3.1. MONOCHROMATICFEMTOSECOND-PULSEDEXTREME
ULTRAVIOLETLIGHTSOURCE
20 25 30 35 40 45 50
0.0
0.2
0.4
0.6
0.8
1.0
Ecentral=
42.7eVEcentral=
22.5eV
Nor
m. I
nte
nsi
ty
Photon Energy (eV)
Red-Driven Mode
Blue-Driven Mode
FWHM=
479meV
FWHM=
411meV
ratio:
>10:1
ratio:
>100:1
Figure3.3: Photonenergydistributionofthe XUVradiationafter monochromati-
zation measured withagrating monochromator.Thetransmittedintensitypeakinthe
BDMislocatedataphotonenergyofhνBDM =22.5eVandtheselectedharmonicintheRDM
athνRDM =42.7eV.(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing. TheCC
licensedoesnotapply.)
[Miyamoto08a]andφ=4.8eVfrom[Walauer96]),thisyieldsk⊥=3.7˚A−1inRDM
andk⊥ =2.9˚A−1inBDM. Assumingalatticeparameterinz-directionof3.46˚A
forface-centeredtetragonal(fct)Co[Heckmann94]andthusadistancebetween
ΓandXof1.82˚A−1,thisislocatedclosetoΓandinthemiddleoftheBrilouin
zone(BZ),respectively.
Fortime-resolvedmeasurements,thepump-beamispassingaretroreﬂectingmirror
pair,whichcanbemovedinordertoadjustthelengthofthebeampath(”delay
stage”).Thus,thearrivaltimeofthepump-pulsesandthereforethedelaybetween
excitationandprobingoftheprocesscanbevaried.Theorientationofthelinear
polarizationandtheintensityisadjustableusingahalf-waveplateandathinﬁlm
polarizer.Then,thepump-beamiscoupledintothevacuumsystemaftertheAlfoil
throughaborosilicateglasswindowandguidedalmostco-linearlywiththeXUV
radiationtothesample.
Comparingtheadvantagesofbothsources,thebroadrangeofharmonicsthatis
providedintheRDMmakesit,inprinciple,possibletomaptheBZink⊥-direction
asdescribedinSec.2.2.1byusingagrating monochromatororBragg mirrors
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designedfordiﬀerentphotonenergies. Forthisusualylarge-scalesynchrotron
facilitiesarenecessary[Schneider12]. TheenergyrangecoveredbyaHHGsource
usingafundamentalwavelengthof780nmandArastheconversionmediumcanbe
translatedasdescribedabovetovaluesof2.7˚A−1for19eVand3.7˚A−1for43eVat
theedgesofatypicalspectrum.ThiscoversmorethanhalfoftheΓ−Xdirection.
Usingevenhigherphotonenergiesthatareavailableemployingadiﬀerentnoblegas
likeNe,whichcreatesaharmoniccombexceedingthehigh-energycut-oﬀbytheAl
foil,thisrangecanbeexpanded(4.6˚A−1for70eV).Inthiscase,alsothelowest
energycorelevelsoftheferromagnetsFe,CoandNi,the3p1/2and3p3/2states
whicharelocatedaroundEFe=53eV,ECo=59eVandENi=67eV[Wiliams01],
canbereachedandaddressedinresonantphotoemissionexperiments[Guilot77].
Ontheotherhand,theBDMoﬀersasigniﬁcantlyhighereﬃciencyintheconversion
process(seeSec.2.3.3)leadingtoabrighterphotonﬂux. Thiseﬀectisenhanced
evenmorebythehighertransmissioninthebeamlinesincealopticalelementscan
beusedingrazingincidenceandthereforehaveabetterreﬂectivity.Altogether,the
XUVphotonﬂuxatthesampleisapproximatelytwoordersofmagnitudelargerin
BDMthaninRDM.
Besidesthe HHGsource,theexperimentalsetupisequipped withacontin-
uous wave(cw) He-dischargelamp(UVS300,SPECSSurface Nano Analysis
GmbH),whichcanproducespectralysharp(∆hνHe <1meV)lightattheHe-I
(hνHe−I=21.2eV)andtheHe-II(hνHe−II=40.8eV)emissionlines.Therelative
intensityofthetwophotonenergiescanbetunedby,e.g.,varyingthegaspressure.
Lightprovidedfromthegas-dischargesourceiluminatesthesampleunderanangle
of45◦withrespecttothephotoelectrondetectiondirectionwithinaverticalplane
ofincidenceandisunpolarized. UsingthesamevaluesasfortheHHGsource,
theresultingperpendicularwavevectorsthatareaddressedaccordingtothefree-
electronﬁnalstatemodelarek⊥=2.8˚A−1fortheHe-Iandk⊥=3.6˚A−1forthe
He-IIline.
3.2 ExperimentalChamber&PhotoelectronDe-
tection
Thelightfromthesourcesdescribedabovethenimpingesonthesample,which
islocatedinthemainexperimentalchamberduringthemeasurements(yelowin
Fig.3.1). Duetothelimitedinformationdepth(seeSec.2.2.1),alreadyasingle
monolayerofanadsorbateonthesamplesurfacestronglyinﬂuencestheresultsof
PESmeasurements.Assumingthatanexposuretoapproximately3.5·10−6mbar·s
issuﬃcienttocoverthesamplesurfacewithonemonolayer[H¨ufner95],abasepres-
sureinthelow10−10mbarrangehastobeestablishedintheexperimentalcham-
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bertoensurecomparablesamplepropertiesoverseveralhours. Thispressureis
achievedbyacombinationofturbomolecularandionpumps.Theseparationofthe
UHVinthephotoemissionchamberfromthemoderatevacuumintheHHGsource
(pHHG=10−50mbar)isrealizedbyadiﬀerentialpumpingschemeandtheuseof
apinhole-freeAlfoilfortheblockingofthefundamentallaserlight(seeSec.3.1).
3.2.1 Spectrometer
AsshowninFig.3.1(blue)andFig.3.4,thephotoelectronsemittedfromthesam-
plearecolectedandﬁlteredbytheirkineticenergyusingahorizontalymounted
cylindricalsectoranalyzer(CSA300,FocusGmbH)aftertheiremissionfromthe
sample.Thisspectrometerisbasedondeﬂectioninanelectricﬁeldandalowsonly
electronswithaparticularkineticenergyEselkintopass.Usingsuchanenergy-ﬁlter,theelectronsaremonochromatizedandthenthenumberiscounted.Subsequent
measurementsthatanalyzeaspeciﬁckineticenergyEselkinarenecessaryinordertogainacompletespectrum.Toobtainawavevector-dependentpicture,thisproce-
dureisrepeatedforaldesiredphotoelectronemissionanglesbyrotatingthesample.
Figure 3.4: Schematic drawing of
thecylindricalsectoranalyzer.The
photoelectronsenterthroughthetransfer
lensandaredeﬂectedandenergy-ﬁltered
withinthecylindersectors.Inoursetup,
thechanneltronbehindtheexitaperture
isreplacedbyaspindetector.(Reprinted
withpermissionfrom[Foc09].TheCCli-
censedoesnotapply.)
Ifnobiasvoltageisappliedtothesample,thephotoelectronsreachestheenergy-
ﬁlterthroughﬁeld-freespace.AfterenteringtheCSA,theelectronsareaccelerated
byavoltageofUacc=300V−Eselkinappliedbetweentwosubsequentgrids.Conse-quently,thekineticenergyoftheelectronsthataremeanttopassisalwaysincreased
to300eVandtheadjustablevoltagebetweenthesegridsdetermineswhichkinetic
energywilbeselected.Then,thephotoelectronspropagatethroughalenssystem
thatimagesthemontoaslitdeﬁningthetransversalspreadoftheelectronbunch
inthedirectionofdeﬂection(”entranceslit”).Simultaneously,thekineticenergy
ofthedesiredphotoelectrons(originalypropagatingwithEselkin)isreducedtothe”passenergy”Epassthatisconstantduringtheacquisitionofaspectrum.However,
itsvaluecanbeadjustedbeforethemeasurementinordertoadjusttheenergy
resolution(seefolowingparagraph).Afterwards,theelectronsenterthedeﬂection
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regionbetweentwoelectrodes,whichareshapedlikesectorsofconcentriccylinders
withdiﬀerentradi(seeFig.3.4). Here,anelectricﬁeldisappliedthatbendsthe
trajectoryoftheelectronswithEpassbyanangleof90◦,whereaselectronswitha
diﬀerentkineticenergyaredeﬂectedstrongerorweaker.Usingasecondslit(”exit
slit”)attheendoftheinteractionregion,whichisalsoorientedperpendicularto
thedeﬂectionplane,theelectronswithEpassareselectedfromthedispersedbeam.
Thedesignofthespectrometer,whichacceleratestheelectronswithEselkinalwaystoaconstantpassenergy,ensuresthattheirtrajectoriesstaythesameduringascan
ofdiﬀerentEselkin.Consequently,theimagingpropertiesaswelasthetransmissionofthelenssystemandtheenergyresolutioninthedeﬂectionpartaremaintained.
Accordingto[Foc09,Risley72],thebaseenergyresolution3oftheCSAisgivenby4
∆ECSA,base
Epass =
w1+w2
D +2.7·(∆Θ)
3+ rcRi
2
. (3.1)
InEq.3.1,thethreesummandsrepresentthemainfactorsinﬂuencingtheenergy
resolution.Theﬁrsttermtakesintoaccounttheﬁnitewidthofthetwoslitsatthe
entranceandtheexitofthedeﬂectionregion.Here,theparameterDdescribesthe
dispersionpropertiesofthespectrometerandismainlygivenbythesizeofthespatial
spreadinducedbytheelectricﬁeldforanelectronbeamwithagivenkineticenergy
distribution.Thewidthoftheentranceslitw1alowselectronswithanoﬀsetfrom
thebeamaxisinthedeﬂectiondirectiontoentertheelectricﬁeld,whichthencanbe
dispersedtothesamepointason-axiselectronswithEselkineveniftheyhaveadiﬀerentkineticenergy. Moreover,electronsenteringatthesamepositionbutwithslightly
diﬀerentkineticenergiesareabletopassduetothewidthoftheexitslitw2.The
contributiontreatedwithinthissummandcanbeadjustedbychangingthesizeofthe
slits(w1/w2),butareductionalsodecreasestheelectrontransmission.Inthesecond
term,theinﬂuenceoftheangulardistributionofthephotoelectronsenteringthe
deﬂectionareaisdescribed.Thisinducesacontributiontothespectrometerenergy
resolution,becauseelectronswithdiﬀerentkineticenergiescanagainendupat
thesamepositionafterpassingtheelectricﬁeld.Therefore,thecorrespondingterm
dependsontheacceptanceangleoftheCSA∆Θ(giveninrad).Itcanbereducedby
decreasingtheacceptedemissionangles,whichagainleadstoalowerelectroncount
rate. Thethirdtermaccountsforthespreadoftheelectronbeamperpendicular
tothedeﬂectionplane. Theseelectronsadditionalyfeelanaccelerationtowards
3Regardingthebroadeningofaninitialysharpfeatureintoaspreadpeakinthespectrum,the
baseenergyresolutionisdeterminedfromthewidthofthepeakatitsbasis.Itcanusualybe
approximatedbytwicetheFWHM[Risley72,Rubio-Zuazo11]ofthispeak.
4Rubio-Zuazoetal.[Rubio-Zuazo11]ingeneralconﬁrmtheshapeofEq.3.1andquantifythe
eﬀectsbymoreprecisenumericalsimulations. Thisinparticularleadstoaslightredeﬁnitionof
thethirdterm.Inaddition,theypromoteadiﬀerentprefactorforthesecondterm,whichhowever
cannotbeexplainedbythesmaldeviationsintheunderlyingparametersandthediﬀerenceis
alsonotobviousfromtheirremarks.
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thisplaneleadingtoatrajectorythatendsonitsoppositeside.Thus,theirpath
istiltedtowardsthenormaldeﬂectiontrajectory,whichdeﬁnestheentranceand
exitslitposition,andtheprojectionisnotrepresentingthefulkineticenergyofthe
particles. Theinﬂuenceofthistermcanbe(phenomenologicaly)describedusing
theratiooftheradiusoftheinnercylinderRiandthedistanceofclosestapproach
oftheelectronstotheanalyzersymmetryaxisrc.Valuesforthesingletermscan
befoundin[Foc09]forthespectrometerthatisusedinthisthesis.
Theabsoluteenergyresolution∆Eisinadditionaﬀectedbythepassenergysince
Epassdeﬁneshowlongtheelectronsstaywithinthedeﬂectingelectricﬁeldandthus
howstrongelectronswithdiﬀerentkineticenergiesareseparatedwhentheyarrive
atthesecondslit.Again,abetterenergyresolution(meaninglowerEpass)isleading
toadecreaseinthecountrate,becauseasmalerenergywindowwithlesselectrons
isselectedbytheexitslit.Thepassenergycanbeselectedbetweenvaluesof1eV
to32eVintheultravioletphotoelectronspectroscopy(UPS)modeoftheCSA.
3.2.2 SpinDetector
Aftertheselectedphotoelectronspassedthroughthespectrometer,theyareguided
intothespinpolarimeter5(FERRUM,FocusGmbH).Asshownontheleftside
ofFig.3.5,theelectronbeamcanbeeitherdeﬂectedintochanneltron1,which
measuresthespin-integratedintensity,orfocusedtothescatteringtargetbyan
electrostaticentrancelens.
ThedetectorcreatesthespinimbalanceviaexchangescatteringatanFe(001)-
p(1x1)Osurface(seeSec.2.2.3).ThissurfaceiscreatedbydepositingathinFeﬁlm
ona W(001)crystalandafterwardspassivatingitbyoxygendosing[Bertacco99a].
Ithasamagneticanisotropyleadingtoin-planeremanence[Winkelmann08]and
canbemagnetizedalongandcontrarytothetwoperpendicularmagneticeasyaxes
[100]and[010]bymagneticﬁeldpulsesasilustratedontherightsideofFig.3.5.
Thisdeﬁnesthenthespinquantizationdirection.Thescatteringpotentialforspin-
resolvedmeasurementsisadjustedto6.4eVusingelectrostaticlenses,wherethe
ﬁgureofmerit(FoM)(seeEq.2.27)ofthedetectorhasanexperimentalydetermined
maximumvalueofFoM=4.4·10−3forthemeasurementofonespindirection(see
bottomofFig.3.6).Ingeneral,inaferromagneticscatteringtargetboththespin-
orbitcoupling(SOC)andtheexchangeinteractiongiveacontributiontothespin
asymmetry(Sherman)function. Withthehelpofasymmetrymeasurementsofa
ferromagnetmagnetizedintwooppositedirections,thesecontributionscanbedis-
entangled[Escher11].ThecenterpartofFig.3.6showstheresultingvalues,which
areconvertedtothesituationofanincomingelectronbeamwith100%spinpo-
larization. Here,theShermanfunctionresultingfromtheexchangeinteractionis
Aex=Seff=0.29attheselectedscatteringpotentialof6.4eV.Furthermore,the
5Thepolarimeterisdescribedinmoredetailin[Escher11].
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Figure3.5: Left: Operation ModesofFERRUM.Theleftsideshowsthespin-resolved
mode,wheretheelectronsarescatteredattheFetarget.Inthespin-integratedcase(rightside),
alelectronsaredeﬂectedintochanneltron2immediatelyafterenteringthepolarimeter.(Reprinted
from[Escher11],licensedunder[CC-BY].)Right:ScatteringgeometryofFERRUM.The
Fetargetcanbemagnetizedintwoperpendiculardirectionsµ1/µ2bycoil1andcoil2.Ineach
case,thespindetectorismainlysensitivetothecorrespondingspindirectionσ1/σ2.(Reprinted
from[Escher11],licensedunder[CC-BY].)
measurementrevealsthattheinﬂuenceoftheSOC(Aso)isnegligibleatthisenergy.
Afterthescatteringatthetarget,channeltron2colectstheelectronsthatarespec-
ularlyreﬂectedunderanangleof15◦fromtheFeﬁlm.Thereﬂectivityis≈10%for
theadjustedscatteringpotential.Inordertoprotectthelow-energyelectronsfrom
theinﬂuenceofexternalmagneticﬁelds,thedetectorissurroundedbyamu-metal
shield.Duetotheoxygenpassivation,thescatteringcrystalcanbeusedforseveral
weeksunderUHVconditionswithoutadegradationofitsperformancebeforeanew
preparationofthesurfaceisnecessary.
Inspin-resolvedmeasurements,theelectronintensityiscountedforaparalel(˜I+)
andananti-paralel(˜I−)alignmentoftheFemagnetizationwithrespecttothespin
componentofinterest. Duetothehorizontal90◦deﬂectionoftheCSA,thespin
detectorcanaccesstheverticalin-planeortheout-of-planemagnetizationdirection
ofthesampleinoursetup.Inordertocompensateforlineardrifts,thesequence
(˜I+,˜I−,˜I−,˜I+)isrepeatedforeverymeasurementcycle[Winkelmann08].Fromthe
summedupintensitiesforbothFemagnetizationdirectionsI±,theasymmetryA
andthespinpolarizationPcanbecalculatedaccordingtoEq.2.25andEq.2.26.
Usingthespinpolarization,theso-caled”partialintensities”
N±=12(I++I−)·(1±P) (3.2)
canbedetermined. Theyrepresenttherealratiobetweenspin-upandspin-down
electronstakingintoaccounttheinﬂuenceofthedetectorasymmetryfunctionSeff.
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Figure3.6: Reﬂectivityofthe
scatteringtargetandthecorre-
spondingasymmetryandFoM
asafunctionofthescattering
potential. Inthemeasuredinten-
sitiesIσµ,theµindicatesthemagne-tizationdirectionofthetargetand
theσthedominantspindirectionin
theelectronbeam.Curvesformea-
surementswithdiﬀeringµaswel
asσareoverlapping. Theasym-
metry,normalizedtoafulypolar-
izedbeam,issplitintothecon-
tributionfromSOCAso andex-
changeinteractionAex(seetext).
(Reprintedfrom[Escher11],licensed
under[CC-BY].)
Theerrorbarsofalvaluesaredeterminedbythelawoferrorpropagationfrom
theerroronthesumintensitiesσI±. Here,theσI± arecalculatedasthesumof√I± andthestandarddeviationfromseveralmeasurementcycles. Consequently,
thePoissoncharacteristicsofthemeasurement(ﬁrstterm)aswelasadditional
ﬂuctuationsofthelightintensity(secondterm)areconsidered. Thelatterarein
particularrelevantformeasurementswiththelaser-basedHHGsource.
3.2.3 SamplePreparationEquipment
Duetothehighrequirementsofsurfacequality,thesampleshavetobepreparedin
situ.Forthispurpose,samplepreparationandcharacterizationequipmenthasbeen
instaledinsidetheUHVenvironment.Inaddition,aloadlockandasamplestorage
havebeenmounted.Forthesamplepreparation,aresistiveheaterreachingupto
950◦C,anionsputteringsource,andelectronbeamevaporatorsareavailable.In
ordertoinspectthegrownﬁlms,anelectrongunalowsforbothlow-energyelectron
diﬀraction(LEED)tocheckthecrystalinequalityandAugerelectronspectroscopy
(AES)toverifythechemicalpurity(ErLEED150,SPECSSurfaceNanoAnalysis
GmbH).
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4 SamplePreparationandChar-
acterization: Co/Cu(001)
Inthefolowing,thesamplepreparationandphotoelectrondetectioncapabilitiesof
thesetupintroducedinChap.3aretested. Forthispurpose,thesamplesystem
studiedinthiswork,namelyColayersonCu(001),isintroducedanditspreparation
procedureisdescribed(Sec.4.1).Inthesecondpartofthechapter,thesamplesare
characterizedemployingthedevicesforspin-resolvedphotoelectronspectroscopy.
4.1 SamplePreparationProcedure
ThinCoﬁlmsdepositedonaCu(001)crystalprovideaverygoodmodelsample
systemfortheinvestigationofspindynamicsintheelectronicbandstructureof
a3dferromagnet. TheCogrowsinapseudomorphic, metastableface-centered
tetragonal(fct)structurefolowingthefccstructureoftheCu(001). Here,the
in-planelatticeparameteroftheCuisconserved(a =3.61˚A)andalsokept
withinadditionalColayers.Perpendiculartothesurface,thelatticeparameteris
a⊥ =3.46˚A[Clarke87,Kief93,Heckmann94]. Almostperfectepitaxiallayer-by-
layergrowthisobserved[Schmid92,Li90,Schneider90b]whentheCoisdeposited
atsubstratetemperaturesbelow490K. Forhighergrowthorpost-deposition
annealingtemperatures,interdiﬀusionprocessesleadtointermixingoftheCu
andCoatoms[DeMiguel91,Almers11]. Studiesofthemagneticpropertiesre-
vealthataferromagneticorderatroomtemperature(RT)isachievedabovetwo
monolayersofCowitha magneticeasyaxisalongthe[110]and[1¯10]in-plane
direction.Aspin-reorientationforincreasingﬁlmthicknessdhasnotbeenobserved
[DeMiguel91,Krams92]. Withrisingd,theCurietemperatureoftheCoﬁlms
increasesreachingalreadymorethan500Kfor3ML[Schneider90b].
InordertoprepareanappropriateCusurface,wecleanedthecrystalbyAr-
ionbombardmentfor30minwithaparticlekineticenergyof1kV.Furthermore,
thecrystalwasannealedfor10minabove850Ktoreduceitssurfaceroughness.
AftercoolingdownclosetoRTagain,themagneticﬁlmwasevaporatedfroma
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highpurityCorod.
Thedepositionratewascalibratedbytheinformationdepthofphotoemissionusing
theintensityoftheremainingsignalfromthe3dbandsoftheCucrystalunderneath
thedepositedCo.Asanexample,theleftsideofFig.4.1showsenergydistribution
curves(EDCs)measuredfordiﬀerentCoevaporationtimes. Thegrayboxmarks
theenergyrangeofthecharacteristicCu3dbands. WhilethethicknessoftheCo
layerincreases,lesselectronsfromtheCureachthesurfaceandthecorresponding
photoemissionintensityinnormalemissionICu decays. Thisintensitycanbe
describedby[Hofmann12]
ICu=ICu,0·exp − dλEAL,Co,14eV +IBG, (4.1)
withtheeﬀectiveattenuationlength(EAL)λEAL(seeSec.2.2.1),theheightofthe
signalfromCuwithoutaCooverlayerICu,0,andthebackgroundintensityIBG.
Assumingalinearﬁlmgrowthwithtime,theevaporationdurationτevap,whichis
necessarytocreateaColayerwithathicknesscorrespondingtotheEAL,canthus
bedeterminedfromtheresultsontheleftsideofFig.4.1.Itisdonebyextractingthe
heightoftheCupeakandﬁttinganexponentialfunctiontothedecayingintensity
withincreasingdepositiontimeaspresentedontherightsideofFig.4.1. Theﬁt
yieldsτevapCo,14eV=5.10±0.
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Figure4.1:Left:PhotoemissionspectraofCu(001)withaCooverlayerafterdiﬀerent
depositiontimes.ThedatawasmeasuredinnormalemissionusingtheHe-dischargelampata
photonenergyofhν=21.2eV.Fortheincreasingﬁlmthickness,additionalCowasevaporated
ontopoftheexistingsample. ThebindingenergyiscalculatedwithrespecttotheFermilevel
(EB=0).Right: PeakintensityofthecharacteristicCufeaturesasafunctionofthe
Codepositiontime.Thedataisextractedfromthespectrashownontheleftsideandthered
linerepresentsaﬁtoftheexponentialfunctionpresentedintheinset.
Inordertocalculatethedepositionrate,areferencemeasurementoftheEALwith
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asimilarphotonenergyisneeded.InFig.4.2,thevalue
λrefEAL,Co,17eV=5.02±1.
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isextractedfortheEALbyﬁttingtheexponentialdecayfunctionshowninEq.4.1
todatatakenfrom[Schneider90a].
Figure4.2: DampingoftheCuphotoemis-
sionintensityinaCooverlayerasafunc-
tionoftheoverlayerthickness.Theunder-
lyingmeasurementswereperformedinnormal
emissionusingsynchrotronradiationwithapho-
tonenergyofhν=24eV.(dataextractedfrom
[Schneider90a])
Sincethekineticenergiesarehighenoughtoneglectnon-parabolicbandeﬀectsof
theCo(seeSec.2.2.1),thevariationsintheEALwithinsmalchangesofthekinetic
energyarenegligible. Consequently,λmeasEAL,Co,14eV≈λrefEAL,Co,17eVcanbeassumedandthedepositionrateis
r=λ
ref
EAL,Co,17eV
τevapCo,14eV =0.98±0.26
ML
min (4.3)
fortheshownexample. Aldepositionratesandﬁlmthicknessesinthepresented
workaredeterminedinthedescribedwayusingλrefEAL,Co,17eVfromEq.4.2.Ingen-eral,ananaloganalysisispossiblewiththecorrespondingCopeak(Ekin=16.5eV),
whichhasanincreasingspectralweightforthickeroverlayers.However,itsheight
isinﬂuencedbythenearbyFermilevelandthustheanalysisislessaccurate.The
individualﬁlmthicknessesforthesamplesunderinvestigationaregiveninthecor-
respondingsections.Foral measurementspresentedinthisthesis,thethicknessis
welabove3λEAL,Co(seeEq.4.2)inordertosuppressphotoemissioncontributions
fromtheCusubstrate.Afterpreparation,theCoﬁlmsweremagnetizedalongthe
vertical[110](in-plane)directionifnototherwisestated.
4.2 Characterization UsingPhotoelectronSpec-
troscopy
Inordertotestthesamplepreparationprocedureandcharacterizethecapabilities
ofthephotoelectronanalysisdevicesinoursetup,weperformedphotoemission
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measurementsusingtheHegas-dischargelamp1
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.First,weanalyzedtheorientation
ofthemagnetizationoftheCoﬁlms.InFig.4.3,thespinpolarizationmeasuredover
thefulenergyrangeaccessiblebytheHe-Ilineisshownforbothspindirections
thatcanbeaddressedbythedetector.
Figure4.3:In-planeandout-
of-plane component of the
spin polarizationinfct Co
plottedagainsttheelectron
bindingenergy.Thephotonen-
ergyishν=21.2eV,thephoto-
electronemissionangleΘ =0◦
andthethicknessoftheCoﬁlm
d=40±12ML. TheFermilevel
islocatedatEB =0. Theerror
bars,determinedasdescribedin
Sec.3.2,underestimatetherealer-
rorsbecauseofadditionalnoisein
theelectroncountratecausedby
insuﬃcientshieldingofthecables,
whichwereusedforthismeasure-
ment.
Itshowsaclearnon-zerovalueforthedirectioncorrespondingtothe(vertical)
in-planecomponentofthesample,whereasnospinpolarizationispresentwithin
theuncertaintyofthedatafortheout-of-planecomponent.Consequently,theCo
ﬁlmsare,asexpected,inremanencefulyin-planemagnetized.Inaddition,the
measurementprovesthatthedetectorisabletoseparatebothspinpolarization
components.
Inordertofurthercharacterizethesetupaswelasthesamples,thein-planecom-
ponentofthespinpolarizationwasstudiedbyangle-resolvedphotoemission.For
thispurpose,measurementswereperformedatarangeofchosenanglesbyrotating
thesampleinstepsof∆Θ=2.5◦aroundtheverticalaxis([110]).Thisleadstoa
variationofthedetectedwavevectorswithintheplanespannedbyΓ,KandLin
thebulkBrilouinzone(BZ)(seeleftsideofFig.2.3and[Miyamoto08a]).There-
sultsareshowninFig.4.4.Fornormalemission(k=0),thephotoemissionspectra
closetotheFermilevel(EB=0)aredominatedbyaminorityelectronbandthat
bendstowardshigherbindingenergiesforincreasingwavevectors(Fig.4.4,left).
Byacomparisonwiththeoreticalbandstructurecalculations,itcanbeassigned
toa∆5↓symmetry[Clemens92,Schneider91a]. Therefore,transitionsarealowed
usinglightwithapolarizationparaleltothesamplesurfaceaccordingtothedipole
selectionrules(seestep1inSec.2.2.1),whichisgivenforthehigh-orderharmonic
1Notethatpartsofthissectionarealsosubjectof[Pl¨otzing16].
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Figure4.4:PartialintensitiesoffctCoasafunctionofthein-planewavevectorand
theelectronbindingenergyforminority(left)andmajorityspinelectrons(right).The
measurementswereperformedemployingtheHe-Iline(hν=21.2eV)andtheelectronwavevector
kwascalculatedusingEq.2.22fromthephotoelectronemissionangle.Thepartialintensitiesfor
eachanglearenormalizedtothemaximumoftheminorityspincomponentandtheCoﬁlmwas
d=30±8MLthick.EB=0correspondstotheFermilevel.
generation(HHG)sourceaswelastheHelampinoursetup2.
Forthemajorityspindirection(Fig.4.4,right),themeasurementresultsaresigniﬁ-
cantlysmearedduetoelectroncorrelations(seeSec.2.2.1)[Grechnev07,Elguth15].
Ingeneral,electroncorrelationeﬀectsalmostcompletelyquenchvalencebandfea-
turesforEB>2eVinthemajorityspinchannel[Monastra02].Thus,onlyabroad
peakcanbeobserved(EB=0.9eVatk=0),whichisapproachingEFforhigher
k.Inbandstructurecalculations[Schneider91a],onlyabandhaving∆2↑symmetry
ispresentatthecorrespondingenergies.Eventhoughanopticaltransitionfroma
pure∆2↑bandisforbiddenbythenon-relativisticdipoleselectionrules,theeﬀect
ofspin-orbitcoupling(SOC)andresultingbandhybridizationwithanearby∆5↑
band(seerightsideofFig.2.3[Chiang10])canleadtoasigniﬁcantcontribution
inphotoemissionspectra[Kuch95].Theobservedspectraldensitiesinthevalence
2Notethatthepresenteddipoleselectionrulesandthereductionoftheﬁnalstateto∆1-
symmetryareonlystrictlyvalidfork=0.
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bandregionareingoodagreementwithpublishedresultsforsimilarexperimental
conditions[Miyamoto08a]. Duetothedispersionoftheminorityspinbandaway
fromEFandofthemajorityspinbandtowardsEFforincreasingk,bothcontri-
butionsaremostseparatedatnormalemission.Thus,alupcomingmeasurements
areperformedfork
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Figure4.5: EDCsofthepartialintensitiesforbothspindirectionsrecordedonfct
Co(001)andthecorrespondingspinpolarizationdistribution.Thedataistakenfromthe
measurementshowninFig.4.4fork=0.
TheEDCsofthepartialintensitiesatΘ=0◦areshowninFig.4.5(left). At
thehighbindingenergyﬂank(EB =0.7eV)ofthepeakbelongingtothealready
identiﬁed∆5↓minorityspinband(EB=0.2eV),anadditionalshoulderisvisible3.
Itcanbeattributedtoasurfaceresonancethatstronglydispersestolowerbinding
energiesforincreasingk[Miyamoto08b]. Thisresonancewasfoundtohaveeven
symmetryandisthusonlyaccessiblewithp-polarizedlightaccordingtothedipole
selectionrules.Thespinpolarizationinthismeasurement(seeFig.4.5,right),shows
apositivevalueofP≈0.3eVintheenergyrangethatisdominatedbythemajority
spinelectrons(EB>1eV).Forsmalerbindingenergies,thevalueisreducedand
reversessign(EB=0.5eV)duetherisinginﬂuenceoftheminorityspinelectrons.
Theshapeofthischangeofsignshowsastep,whichisinducedbythedouble-peak
characteroftheminorityspinelectronspectrum.ClosetoEF,the∆5↓bandand
thelackofmajorityspinelectronsleadstoahighnegativespinpolarization.
3Theunderlyingpeakisalreadypartlysuppressedduetoslightcontaminationsofthesample
surface,e.g.resultingfromresidualgasinthevacuumchamber. Thepossibilitytoconductan
Augerelectronspectroscopy(AES)measurementoraresidualgasanalysiswithamassspectrom-
eterwasnotavailableatthetimewhenthisphotoemissionstudywasperformed. However,we
expectcontaminationsfromH2,CH4,COorCO2molecules,whichareingeneralmainlypresent
inabakedvacuumchamber[Fremerey99].
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5 Spin-Resolved Photoemission
withFemtosecondExtremeUl-
travioletLightPulses
Afterprovingthefunctionalityofthephotoelectrondetectiondevicesaswelasa
goodqualityoftheinsitupreparedthinCo(001)ﬁlmsinthepreviouschapter,
theinﬂuenceofanexcitationwithfemtosecondpulsesonthephotoemissionresults
isstudiedinthefolowing1. Forthispurpose,spin-resolvedmeasurementswere
performedusingthehigh-orderharmonicgeneration(HHG)source(red-drivenmode
(RDM)inSec.5.1,blue-drivenmode(BDM)inSec.5.2)andcomparedtodata
thatwasacquiredwiththecontinuouswave(cw)gas-dischargelampundersimilar
conditions. Akeychalengeinphotoemissionwithlightpulsesarevacuumspace-
charge(VSC)eﬀectsduetotheCoulombrepulsioninthedensephotoelectronclouds,
whicharecreatedatthesamplesurface.Inthelastpartofthischapter,theresulting
spectraldistortionsareaddressedandquantiﬁedforoursetup.
5.1 Red-Driven Mode
AsalreadystatedinSec.3.1,theHHGsourceinRDMprovidesphotonswithan
energyofhνRDM =42.7eV,whichisclosetotheHe-IIlineofthegas-discharge
lamp(hνHe−II=40.8eV).Therefore,thespectrameasuredwithbothlightsources
canbedirectlycompared.
Inordertoreachelectroncountratessuﬃcientfortherecordingofspin-resolved
spectrawithinreasonableacquisitiontimesusingtheRDMoftheHHGsource,the
measurementswereperformedwithahighpassenergy(Epass=32eV)andslit
width(w1=w2=9mm)andthus,accordingtoEq.3.1,alimitedenergyresolution
ofthespectrometer(∆ECSA≈1eVisdeterminedexperimentaly,seebelow).In
addition,asamplebiasofUsample=16eVwasappliedguidingmoreelectronsto
thedetectorattheexpenseofareducedangularselection.Theresultsofthespin-
resolvedphotoelectronspectroscopy(PES)measurementswithbothlightsources
1Notethatpartsofthischapterarealsosubjectof[Pl¨otzing16].
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Figure5.1:Partialintensitiesforminorityandmajorityspindirectionplottedagainst
theelectronbindingenergy. Theresultsontheleftsideare measuredwithXUVpulses
generatedbytheHHGsourceinRDM,thedataontherightsidewiththeHe-IIlineofthecw
photonsource.InbothcasesasamplebiasofUsample=16eVwasapplied.Intheplots,EB=0
islocatedattheFermilevelandthelineshavebeencalculatedfromﬁtstotherawdata(seetext).
(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing.TheCClicensedoesnotapply.)
areshowninFig.5.1andFig.5.2.Thespectraweremeasuredinnormalemission
ona40±12MLthickCo(001)ﬁlm.FortheHHGsourceinRDMatarepetition
rateof3kHz,acountrateof10counts/sisreachedatthemaximumofthevalence
band. Atthisenergy,thetotalintensityperspinchannelis>
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1700countsinthe
presentedmeasurement.
InordertoextracttheenergyresolutionandthespectralwidthoftheXUVlight
generatedbytheHHGsourceinRDM,thebroadeningoftheFermiedgewasde-
terminedfromthespectraobtainedwithbothlightsources. Therefore,theraw
Figure5.2: Spinpolarizationin Co(001)
asafunctionoftheelectronbindingen-
ergy.Theresultscorrespondtothedatashown
inFig.5.1.Intheplots,EB=0islocatedatthe
Fermilevelandthelineshavebeencalculated
fromﬁtstotherawdata(seetext).(Adapted
from[Pl¨otzing16]withpermissionofAIPPub-
lishing.TheCClicensedoesnotapply.)
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intensitydatawasﬁttedwithaconvolutionofaGaussianpeakfunction
fb(E)=exp−E
2
2c2b (5.1)
andthefunction
fs(E)= exp E−EFkBTTR +1
−1
·ap·exp −(E−E0)
2
2c2p +y0 . (5.2)
Here,fb(E)accountsforthetotalenergyresolutionofthesetupincludingthespec-
trometerandthebandwidthofthelightsource.Ontheotherhand,fsrepresentsthe
productofaFermi-DiracdistributionforTTR=300Kwiththesumofaconstant
backgroundy0andanotherGaussianpeakfunction,whichmodelstheintensitypeak
fromthe3dbandsinthespectrum2.Fittingtheintensitydistributionusingonlya
singlepeakisjustiﬁed,becausetheenergyresolutionusedintheexperimentdoes
notalowtheobservationoffurtherdetailsinthebandstructureortheenergetic
separationofminorityandmajorityspincontributions.Intheequations,kBisthe
Boltzmannconstant,E0istheenergeticpositionoftheintensitypeakandthecoef-
ﬁcientscb/p=∆Eb/p/(2 2·ln(2))representthewidthoftheGaussianpeakswith
∆Eb/pbeingtheful widthathalfmaximum(FWHM).
Thetotalenergyresolutionofthesetup∆Ebisgivenasthequadraticsumofthe
contributionfromthespectrometer(∆ECSA)andthelightsource(∆hνRDM).The
broadeninginthemeasuredspectrawasdeterminedfromthedataacquiredwiththe
detectorbeingmainlysensitivetotheminorityspinelectrons,becausethedensity
ofstatesishigherfortheminoritychannelinCoatEF(seealsoFig.5.3).Neglect-
ingthespectralwidthofthecwgas-dischargelamp,thespectrometerresolution
forthesettingsintheRDMisgivenby∆ECSA= (∆Eb,He−II)2−(∆hνHe)2≈
∆Eb,He−II=1.05±0.03eV. Sincethetotalenergeticbroadening∆Eb,RDM =
1.00±0.10eVforthemeasurementwiththeHHGsourceinRDMhasthesame
size,weconcludethatthespectrometercontributiondominatestheenergyreso-
lutionandtheinﬂuenceofthespectralwidthoftheXUVpulsesissigniﬁcantly
smaler.Thisissupportedbytheﬁndingsfor∆hνRDMusingthegratingspectrom-
eterinSec.3.1.
Withinthelimitedenergyresolution,theresultsobtainedwiththeHHGsourceand
theHe-IIlineareingoodagreement. Thesmaldeviationscanberelatedtothe
lowcountrateandintensityﬂuctuations,whichareconsideredintheerrorbars
2NotethatthespectrallinesintrinsicalyhaveaLorentzianshape,whichcanbeinaddition
asymmetricalybroadenedtowardshigherbindingenergiesbyinelasticscattering. However,this
shapeiswashedout,e.g.becauseoftheangularintegrationofthespectrometerorphotoemission
contributionsfromadditionalbands,makingaGaussianpeakfunctionbettersuitedfortheﬁtting
procedure. Moreover,theshapeofthespectraisdominatedbythe(Gaussian-shaped)instrumental
energyresolution.
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(seeSec.3.2).Forbothmeasurements,thepartialintensities(seeFig.5.1)showa
featurelesspartatbindingenergiesEB>3eV,whichisdominatedbymajorityspin
electronsresultinginaspinpolarizationofP≈0.25(seeFig.5.2).Intheregionof
thevalencebands,theminorityspincontributionincreases,untiltheintensityfor
bothspindirectionsisequalatEB =0.7eVleadingtoP=0.Then,bothpeaks
decreasealmostsimoultaneouslyattheFermiedge. Thestrongnegativevalueof
thespinpolarizationclosetoEF
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,whichisobservedinthemeasurementsinSec.4.2,
isnotpresent.However,theexperimentalconditionsforthedatapresentedinthis
sectiondiﬀerfromtheonesusedfortheresultsinFig.4.5notonlybytheenergy
resolution,butalsobythephotonenergy.
Figure5.3: Partialintensitiesandspinpolarizationdistributionfrom Co(001)asa
functionoftheelectronbindingenergymeasuredwithahighspectrometerresolution.
ThemeasurementswereperformedusingtheHe-IIlineofthegas-dischargelampwithapassenergy
of4eVandnosamplebias.Intheplots,EB=0islocatedattheFermilevelandthelineshave
beencalculatedfromﬁtstotherawdata(seetext).
Inordertounderstandtheinﬂuenceofthephotonenergy,measurementswitha
betterspectrometerenergyresolutionandwithoutsamplebiaswereperformed
usingtheHe-IIlineonsimilarsamples(seeFig.5.3).Decreasingthepassenergyto
4eVleadstoanenergyresolutionof∆Eb2,He−II=0.22±0.03eVfortheobtained
results,whichwasagaindeterminedbyaﬁttothedatasimilartotheonepresented
before. However,thistimethesumoftwoseparateGaussianpeakfunctionswas
usedinordertoaccountfortheseparationofthe majorityand minorityspin
electronpeaks. Theresultsshowthattheminoritypeakmovestohigherbind-
ingenergies(EB =0.8eV)comparedtothemeasurementswiththeHe-Ilinein
Sec.4.2. Assumingafree-electronﬁnalstatemodel(seeSec.2.2.1andSec.3.1),
electronswithawavevectork⊥ closetoΓareexcitedbytheHe-IIline,whereas
theHe-IlineselectselectronsfromthemiddleoftheΓ−Xdirectionofthebulk
Brilouinzone(BZ).Theobservedchangeofthepositionoftheminoritypeakisin
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goodagreementwiththedispersionofthe∆5↓bandpredictedbybandstructure
calculations(seeFig.2.3[Chiang10]).
Besides,thediﬀerenceintheEDCsleadstoamorecomplexstructureofthespin
polarization(seerightsideofFig.5.3),whichﬂipsitssignalreadyatEB=1.2eV,
butisthenreducedagaintoP=0intherangewheretheinﬂuenceoftheminority
bandisvanishing(EB=0.3eV).ClosetoEF,nomajorityspincontributionisleft
andthusPhasahighnegativevalueagain.
Figure5.4showstheresultsofasimilarmeasurementasinFig.5.3,butrecorded
usingapassenergyof32eV. Duetotheresultinginferiorenergyresolution,the
featuresaresmearedout. ThedipinPatEB =0.3eVfoundinthemeasure-
mentswithEpass=4eVisstronglysuppressedandonlythechangeofthesignat
EB=1.2eVisstilclearlyvisible.Furthermore,thespinpolarizationandtherefore
thediﬀerenceofthepartialintensitiesatthepositionoftheminorityspinelectron
peak(EB=0.8eV)wassigniﬁcantlyreduced.
However,acomparisonoftheresultsshowninFig.5.4withthedatapresented
inFig.5.1revealsstiladiﬀerenceforthevaluesclosetoEF
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eventhoughthe
spectrometersettinghavebeenthesame.Apossibleexplanationistheinﬂuenceof
thesamplebias,whichispresentonlyforthemeasurementsinFig.5.1.Theresult-
ingelectricﬁeldbendsthetrajectoriesofadditionalelectronswithhigheremission
anglesintothedetectorcausinganadditionalsmearingoverabroaderpartoftheBZ.
TheresultsinthissectionshowthattheHHGsourceinRDMcanbeusedfor
spin-resolvedphotoelectronspectroscopywithoutfundamentalrestrictions.Never-
theless,itprovidesonlylowphotonﬂuxresultinginalimitedenergyresolutionand
Figure5.4:Spin-resolvedEDCsofCo(001)andcorrespodingspinpolarization, mea-
suredwithoutsamplebias.Thesettingsofthespectrometerweresimilartothemeasurements
inFig.5.1andFig.5.2butwithoutsamplebias.Intheplots,EB=0islocatedattheFermilevel
andthelineshavebeencalculatedfromﬁtstotherawdata(seetext).
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Figure5.5:Energydistributionofthepartialintensitiesfortheminorityandmajority
spindirection.ThemeasurementswereperformedusingthepulsedHHGsourceinBDM(left)
andtheHe-Ilineofthecwgas-dischargelamp(right)underthesameconditions.Intheplots,
EB=0islocatedattheFermilevelandthelineshavebeencalculatedfromﬁtstotherawdata
(seetext).(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing.TheCClicensedoes
notapply.)
longacquisitiontimes.Thismakesitatpresentimpossibletomapopticalyinduced
changesinthebandstructurebyrecordingfulvalencebandspectra. However,
time-resolvedtracesatspecial,interestingbindingenergiesmaybestilpossible.
Inaddition,thismodewilbecomemoreimportantwithimprovingHHGsources
andspindetectors,becauseofthebroadrangeofaccessiblephotonenergies(see
Sec.3.1).
5.2 Blue-Driven Mode
Theﬁndingspresentedabovedemonstratethatthephotonﬂuxlimitstheusability
oftheRDMfortime-resolvedstudies.Incontrast,theHHGsourceinBDMprovides
signiﬁcantlymoreﬂux(seeSec.3.1).Thus,themeasurementswereperformedinthis
casewithoutsamplebiasandwithapassenergyinthespectrometerofEpass=4eV.
TheresultsforaCo(001)ﬁlmwithathicknessofd=20±5MLatk =0are
presentedinFig.5.5andFig.5.6.IntheBDM,thephotonenergyishνBDM =
22.5eV(seeSec.3.1),whichisclosetotheHe-Iemissionline(hνHe−I=21.2eV)
producedbythegas-dischargelamp.
AcomparisonbetweenthepartialintensitiesobtainedwiththeHHGsource(left
sideofFig.5.5)andtheHe-Iline(rightside)revealtwomajordiﬀerences:thedata
acquiredusingthegas-dischargelampshowsmoreintensityforbothspindirections
athigherbindingenergiesandasecondpeakintheminorityspinelectronchannel.
Sinceboth measurementswereperformedconsecutivelyonthesamesample,a
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changeofthecrystalineorderoradiﬀerentinﬂuenceofoverlayersfromadsorbed
materialcanbeexcluded.AsdiscussedinSec.3.1,theHHGsourceprovideslinearly
polarizedlight,whichhadaverticalyalignedﬁeldvectorforthemeasurements
inthissection,whereastheradiationfromthegas-dischargelampisunpolarized.
Accordingtothedipoleselectionrules(seeSec.2.2.1),thelightfromtheHHG
sourcecanthusonlyexciteelectronsfromaninitialstatewith∆5symmetry.In
contrast,∆5-and∆1-statesareaccessibleusingtheHe-Ilight.Therefore,additional
statescancontributetothephotoemissionspectrameasuredwiththegas-discharge
lampandcausethediﬀerenceintheintensityathighbindingenergies.Especialy
forthemajorityspindirection,bandswith∆1characterarepresentinthecorre-
spondingregionoftheBZ(seeFig.2.3[Chiang10]). Thedouble-peakstructure
fortheminorityspinelectrondirectionthatisobservedwiththelightfromthe
He-Ilinecanbeassignedtoa∆5↓band(EB=0.2eV)andtoasurfaceresonance
(EB =0.7eV),asalreadydiscussedinSec.4.2.Incontrast,theevensymmetry
ofthesurfaceresonancemakesitunaccessibleforthelightfromtheHHGsource
andthusthecorrespondingfeatureismissingintheEDCplottedontheleftsideof
Fig.5.5.
Forthespinpolarization(seeFig.5.6),aconstantvalueofP=0.3isobserved
athighbindingenergies(EB >2.5eV)inbothmeasurements. However,inthe
dataacquiredwiththeHHGsourcetheﬂankofthemajorityspinelectronpeak
(EB=0.9eV)increasesthespinpolarizationstartingatEB=2.5eVtoavalueof
almostP=0.5atEB=1.2eV.IntheresultsobtainedwiththeHe-Iline,thiseﬀect
isequalizedandevenovercompensatedbytheﬂankofthesurfaceresonance.Here,
thelattercausesadecreaseofPto≈−0.05atEB=0.6eV,whichisthenfolowed
bythedominanceofthe∆5↓bandleadingtoanevenhighernegativePbetween
EB =0.4eVandtheFermiedge.Incontrast,thespinpolarizationdecreasesfor
thedatameasuredwiththeHHGsourceinonestepbetweenEB=1.1eVandthe
FermiedgecrossingzeroatEB=0.5eV.AtEFthespinpolarizationhasavalue
ofP≈−0.
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Figure5.6:Spinpolarizationasafunction
oftheelectronbindingenergy.Thecorre-
spondingpartialintensitiesareshowninFig.5.5.
Intheplots,EB =0islocatedattheFermi
levelandthelineshavebeencalculatedfrom
ﬁtstotherawdata(seetext).(Adaptedfrom
[Pl¨otzing16]withpermissionofAIPPublishing.
TheCClicensedoesnotapply.)
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TherawintensitydataisﬁttedsimilartoSec.5.1. However,thistimetwo
GaussianfunctionsareusedtomodelthespectrumfortheHHGmeasurementin
ordertotakeintoaccountboththepeakintheminorityandthemajorityspin
direction. FortheresultsobtainedwiththeHe-Ilight,another,thirdGaussian
peakfunctionisincludedtoconsiderthesurfaceresonance. Again,fromtheﬁts
totheEDCdominatedbyminorityspinelectrons,theinﬂuenceofthespectrom-
eterandthelightsourceontheenergyresolutioncanbedetermined. Valuesof
∆Eb,BDM=0.35±0.01eVand∆Eb,He−I=0.23±0.02eVareextracted.Assuming
aspectralysharpHe-Ilineandthus∆ECSA ≈∆Eb,He−I,thebandwidthofthe
HHGsourceinBDMcanbecalculatedas
∆hνBDM= (∆Eb,BDM)2−(∆ECSA)2=0.26±0.02eV. (5.3)
ForthemeasurementwiththeHHGsourceinBDMthatispresentedinFig.5.5,
thecountrateatthemaximumintensityis400counts/s(spectrumdominatedby
theminorityspindirection).Thetotalintensityatthispointsummedupoverthe
entireintegrationtimeis>9500counts.Ithastobenotedthattherepetition
rateofthesourcewasincreasedtofrep=5kHzcomparedtothemeasurementsin
RDMandthatthephotonﬂuxwasreducedinordertodecreasetheinﬂuenceof
vacuumspace-charge(VSC)eﬀects.AmoredetailedexplanationofVSCandacor-
respondingcharacterizationofoursetupwilbegiveninthenextsection(Sec.5.3).
Usingalreadytheresultsofthischaracterization,theadditionalenergeticbroad-
eningcausedbyVSCcanbeapproximatedto∆Evsc=mbroadening·ρ<0.08eV
(seeEq.5.8formbroadening)forthe(linear)photoelectrondensity3(seeSec.5.3)
ρ≈3.5·104mm−1thatwasachievedintheexperiment.Therefore,itislowenough
toavoidasigniﬁcantdegradationoftheenergyresolution.
Ingeneral,afurtherreductionofthetotalenergyresolutioninthemeasurements
performedwiththeXUVpulsesispossiblebydecreasingthespectralwidthofthe
light.Thiscanbeachievedusing,e.g.,agratingmonochromator[Carley12]orafur-
therimprovementofthelightsource[Eich14, Wang15].However,thiscanincrease
thepulsedurationduetothetimebandwidthproduct(TBP)andthereforereduce
thetimescaleaccessiblewiththeexperiment.TheTBPstatesthattheminimum
durationofapulse∆tpulseisrelatedtoitsspectralwidth∆hνby[Diels06]
∆tpulse·∆hνh =0.441 (5.4)
forpulseshavingaGaussiandistributionintime. Forthegivenparametersin
theBDM(hν=22.5eVand∆hνBDM =0.26eV),theminimumpulseduration
is∆tpulse=7fs. Thus,forfurtherreductionsofthebroadeninginducedbythe
spectralwidthoftheHHGsource,thenecessarytemporalresolutionhastobe
3ThespotareaofthedrivinglaseronthesamplewasA=2.6mm2.
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considered.
Theacquisitiontimeforthespin-resolvedspectrapresentedinthissectionof
≈1hshowsthatsimultaneousenergy-andspin-resolvedinvestigationoftheva-
lencebandsatseveraltimestepsarepossiblebeforethesamplequalitydegrades
underultrahighvacuum(UHV)conditions(seeChap.3). Therefore,theHHG
sourceinBDMiswel-suitedforstudiesofthetemporalevolutionofopticaly
inducedprocessesonthefemtosecondtimescaleinapump-probeexperiment.
5.3 VacuumSpace-ChargeEﬀectsInducedbyEx-
tremeUltravioletLightPulses
Theresultspresentedintheprevioussectionrevealthatoneofthemainchalenges
inphotoemissionexperimentswithultrashortpulsesisvacuumspace-charge(VSC)
causedbytheCoulombrepulsionbetweenthephotoemittedelectrons. Theleft
sideofFig.5.7showstwotypicalEDCsoftheCu(001)3dvalencebandsobtained
withdiﬀerentintensitiesoftheXUVlight. Likeal measurementinthissection,
bothspectrahavebeenrecordedusingtheHHGsourceinBDMwitharepetition
rateof3kHz.Forthehigherintensity(blackopencircles),thepeakisshiftedand
broadenedcomparedtothespectrumacquiredwithlowerphotonﬂux(blueﬁled
squares).
Thedescribedeﬀectsareaccompaniedbyadistortionoftheangularandspa-
tialinformationofthephotoelectrons[Zhou05]andhavebeenreportedfortime-
resolvedelectrondiﬀraction[Srinivasan03]aswelasphotoemissionexperiments
usingpulsedlasers[Passlack06],free-electronlasers(FELs)[Pietzsch08]orHHG
sources[Frietsch13].However,theparameters(intensity,pulsewidth,pulsepower)
oftheselightsourcesarewidelyspreadandthusacriterionwhereVSCeﬀects
starttooccurcannotbeuniversalyderived.Ingeneral,theexcitationwithsub-
picosecondlightpulsesleadstotheemissionofquasi-two-dimensionalelectrondisks
[Helmann09].Thisisincontrasttophotoemissionexperimentsbasedoncwlight
sources,wheretheexcitationishomogeneouslyspreadintime.Forthesameaverage
countrate,thedistancebetweenthephotoelectronsisthusmuchsmalerfortheul-
trashortbunchesleadingtoasigniﬁcantCoulombrepulsionbetweentheelectrons.
Dependingonitsindividualenvironmentandthedistributionofneighbors,each
electronexperiencesarepulsiveforcealong,oppositeorofacertainanglewithre-
specttoitsdirectionofmotion. Therefore,electronscanbeeitheracceleratedor
deceleratedcausingthebroadeningoftheobservedspectralfeatures[Zhou05].On
thewaytothespectrometer,thephotoelectronsarrangeintheorderoftheirkinetic
energy.Thevalencebandelectronsmeasuredinourexperimentsleavethesample
withthehighestEkin.Thus,theyaremainlylocatedattheleadingpartoftheelec-
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Figure5.7:Left:Photoemissionspectrameasuredwithdiﬀerentﬂuxofthefemtosec-
ond XUVpulses.ThedatawasacquiredinnormalemissionusingtheHHGsourceinBDM
onCu(001).Inthemeasurementrepresentedbytheblackopencirclesover70timesmorepho-
toelectronsarecreatedperpulsethanfortheonedisplayedbyblueﬁledsquares. Thisleads
tospectraldistortions.(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing.TheCC
licensedoesnotapply.)Right: Schemeoftheeﬀectofvacuumspace-charge. Adense
photoelectroncloudiscreatedinfrontofthesample(t1). Whilepropagating(t2),itisenlarged
duetotheCoulombrepulsionbetweentheelectrons.(Adaptedfrom[Pl¨otzing16]withpermission
ofAIPPublishing.TheCClicensedoesnotapply.)
troncloudandarefolowedbyalargernumberofslowerelectronscontainingthe
secondaryelectronsgeneratedbyscatteringinsidethesample. Consequently,the
latterrepelandthusacceleratethevalencebandelectronsduringtheirpropagation
tothespectrometerleadingtotheobservedshifttohigherkineticenergies(seeright
sideofFig.5.7and[Zhou05,Helmann09]).Atthesametime,apositivepotential
canbepresentinthesamplethatpartlycompensatestheaccelerationbytheVSC.
Onultrashorttimescalesbelow100fs[Campilo00],theholesleftbehindbythe
photoelectronsgeneratesuchapositivepotential. Moreover,theelectricﬁeldofthe
electroncloudpropagatinginfrontofthesurfaceisshieldedbyachargeredistribu-
tioninsidethemetalicsamplethatcreatesacounteractingﬁeld.
InordertocharacterizetheinﬂuenceofVSCforourexperimentalconditions,we
recordedspectraoftheCu(001)3dbandsinnormalemissionforabroadrangeof
XUVlightintensities.Inaddition,wevariedthespotsizetoverifyresultsofprevi-
ousstudies[Passlack06,Helmann09]thatfoundadependenceofthepeakshiftand
broadeningontheratio
ρ= NpulsedFWHM. (5.5)
Here,NpulseisthenumberofelectronsperlaserpulseanddFWHMisthediameter
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oftheelectrondisk.ThisdependencecanberelatedtotheCoulombpotentialthat
chargesfeelintheinitialdiskduetothesurroundingelectronsandthathasthe
sameform[Helmann09].Thediameteroftheelectrondiskisapproximatedusing
thesizeofthelightspot,whichcanbeextractedfrompicturesofthesamplecrystal
takenwithacharge-coupleddevice(CCD)camera,wherethespotoftheimpinging
lightisvisible.However,adirectobservationoftheXUVspotemployingﬂuorescent
material(seeSec.6.1)ischalengingiftheHHGsourceisnotusedwithmaximum
photonﬂux.Instead,thespotofthedrivinglaserwasmonitoredassumingasimilar
sizeastheXUVspot,becausebothbeamsweredeﬁnedbythesameirisaperture
placedinfrontofthetoroidalmirror.dFWHM wasthendeterminedbyﬁttinga
rotatedtwo-dimensionalGaussianpeakfunction4totheintensitydataofthepic-
ture(seeFig.5.8). Pixelvalueswereconvertedintodistancestakingtheknown
crystalsizeforreference. Furthermore,thenumberofphotoelectronsNpulse
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Figure5.8: Determinationofthelaserspotsize.Thez-valuesofthegreendotsrepresent
thelightintensityonaCCDcamera. Theyareplottedasafunctionoftheposition. Then,the
FWHMofarotatedtwo-dimensionalGaussianpeakfunctionﬁt(coloredplane)istakenasthe
spotsize.
calculatedfromthephotocurrent,whichwerecordedduringtheexperimentwith
afemto-amperemeter. Thedeterminationoftheerrorbarsforthephotoelectron
4RotatedmeansthatthetwoindependentwidthdirectionsoftheGaussianproﬁledonothave
tobecolinearwiththex-andy-axisoftheCCDpicture.
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densityρisperformedbyerrorpropagationbasedonthestandarddeviationofthe
photocurrentmeasurements.
TheFWHMoftheCu(001)3dpeaksEFWHM andtheirpositionsEposarede-
terminedfromGaussianpeakfunctionﬁtstotheEDCsandthevaluesextracted
fromthemeasurementwiththelowestphotonﬂuxaretakenastheintrinsicwidth
EFWHM,0andpositionEpos,0.Then,theenergyshift
Ssc=Epos−Epos,0 (5.6)
iscalculatedbylinearsubtractionoftheintrinsicvalue.Incontrast,thebroadening
isgivenbyquadraticsubtractionas
∆Evsc= E2FWHM−E2FWHM,0,
4.7mm2, 0.4mm2Linear Fit, Spot Size:
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(5.7)
becauseitistreated,similartoanenergyresolutioncontribution,asaconvolution
oftwoGaussianpeakfunctionsthatmodeltheintrinsicpeakinthespectrumand
itswidening.
Figure5.9: Distortionofspectralfeaturesby VSCeﬀects. Peakbroadenings(left)and
shifts(right)areplottedagainstthe(linear)photoelectrondensityperpulseρ(seeEq.5.5).There-
sultsweredeterminedfromphotoemissionspectraoftheCu(001)3dpeak(seeleftsideofFig.5.7).
Blueﬁledandblackopensymbolsindicatemeasurementswithdiﬀerentspotsizesandthered
linerepresentsalinearﬁttoalvalueswithρ>2.5·104mm−1.(Adaptedfrom[Pl¨otzing16]with
permissionofAIPPublishing.TheCClicensedoesnotapply.)
InFig.5.9,thebroadening(leftside)andshift(rightside)oftheelectronpeak
createdbythe3delectronsinCu(001)arepresentedasafunctionofρ(seeEq.5.5).
Thecurvesshowagoodagreementbetweenthevaluesmeasuredwiththesmaler
(A=0.4mm2,blueﬁledsquares)andthelargerspotarea(A=4.7mm2,black
opencircles)forboththepeakbroadeningandthepeakshifteventhoughAdiﬀers
bymorethanafactorof10. Thisconﬁrmsthesuggestedlineardependenceon
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dFWHM−1[Helmann09].
Furthermore,thephotoemissionpeakbroadeningaswelastheshiftshowalinear
dependenceonthephotoelectrondensityforρ>2.5·104mm−1ifthenumberof
photoelectronsisvaried. Thedeviationfromthisbehaviorforρ<2.5·104mm−1
canbeexplained,becausebelowthisvaluethemeasurementofthephotocurrent
approachesthebackgroundlevelandinadditionthepeakshiftandbroadeningare
closetotheintrinsicwidthofthepeak5(seeblueﬁledsquaresontheleftsideof
Fig.5.7).Alinearregressionintheregionρ>2.5·104mm−1yieldstheslopes
mbroadening=2.10·10−6eV·mm (5.8)
forthepeakbroadeningand
mshift=3.15·10−6eV·mm (5.9)
forthepeakshift. Here,thedependenceoftheshiftonρshowsasteeperslope
thanthecorrespondingdependenceofthebroadening.However,acomparisonwith
literaturesuggeststhatthisparticularbehaviordependscrucialyontheexactex-
perimentalconditions.Inexperimentsusingsynchrotronradiationwithsigniﬁcantly
lowerρtheoppositewasobservedandtheauthorssuggestthattheenergydiﬀer-
encebetweentheinteractingelectronsdetermineswhicheﬀectisdominant[Zhou05].
Similarly,Frietschetal.reportedalargerpeakbroadeningthanshiftinvalenceband
photoemissionexperiments,butheretheauthorsrelatetheeﬀecttoanadditional
broadeningcontributionduetoﬂuctuationsofthelightsource[Frietsch13].Core-
levelphotoemissionexperimentsaswelascorrespondingsimulationsalsorevealed
asteeperslopeforthepeakbroadeningcomparedtotheshift[Helmann12].In
contrast,simulationsperformedwiththesamecodeasusedinthecore-levelin-
vestigationssuggestthebehaviorthatweobservedforvalencebandspectroscopy
[Helmann09].Theslopesthattheauthorsof[Helmann09]determineforthecaseof
valencebandphotoemissionareafactorof2smalerforboththebroadeningandthe
shiftthanourexperimentalﬁndings.Nevertheless,similardiﬀerencesintheslopes
betweentheirmodelandexperimentalresultsﬁndHelmannetal.alsoforotherex-
amples.Theauthorsattributethedeviationstouncertaintiesinthedetermination
oftheexactexperimentalconditions.Inourcase,theuncertaintiesaremostlikely
dominatedbythemeasurementofthespotsize,wherethedrivinglaserandnotthe
XUVbeamistakenintoaccount. Moreover,inrealitythemeasureddistribution
ofthelightintensitywithinthespotslightlydiﬀersfromtheidealGaussianshape
assumedfortheﬁt(seeFig.5.8)dueto,e.g.,thepresenceofhigher-ordertransverse
lasermodesorreﬂectivityinhomogeneitiesofthecrystalsurface.
Theresultsdiscussedabovegiveusanindicationofthemaximumphotoelectron
densitythatcanbeachievedwithoutsigniﬁcantdistortionsofthephotoemission
5Theuncertaintiesinducedbythephotocurrentbackgroundlevelarenotincludedinthedeter-
minationoftheerrorbars.
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spectrumduetoVSC.Inordertokeepthebroadeningmbroadening·ρat≈0.1eV,
whichisfarbelowtheenergyresolutionofthemeasurementswiththeHHGsourcein
BDM(seeSec.5.2),thephotoelectrondensityshouldnotexceedρmax=5·104mm−1.
Ingeneral,themaximumcountrateinphotoemissionwhilestayingbelowthislimit
canonlybereachedbycarefulyadjustingtheexperimenttotherequirementsof
theparticularstudy. Forexample,thespotsizecanbeincreasedalowingfora
highernumberofphotoelectronsperpulse. Ontheotherhand,thiswildecrease
themomentumresolutioninangle-resolvedphotoelectronspectroscopy(ARPES)
experiments. Moreover,itwilleadtofurthercomplicationsintime-resolvedexper-
iments,becausehighpumpﬂuencesoftheorderof10mJ/cm2arenecessaryfor,
e.g.,demagnetizationexperiments.Suchﬂuencescanonlybereachedwithfocused
beamsforcommonlasersystems.
AsecondapproachtominimizeVSCcontributionswhilestilimprovingthedetected
photoemissionintensityistodistributethephotoelectronsoveralargernumberof
pulsesbyincreasingtherepetitionrateoftheXUVsource.Thisapproachisvery
successfulyappliedforHHGlightsources(seeSec.2.3),butitrequiresamodiﬁ-
cationoftherepetitionrateofthelasersystemwhichatthesametimeleadsto
smalerpulseenergiesavailablefortheHHGprocess. Belowacertainthreshold,
theconversioneﬃciencyofthefrequency-upconversiondependsnonlinearlyonthe
incomingpulseintensity(seeSec.2.3.3and[Falc˜ao-Filho10]).Inthisregion,the
XUVphotonﬂuxsigniﬁcantlydropsforasmaldecreaseofthepulseintensityand,
inaddition,pulse-to-pulseﬂuctuationsofthelaserleadtostrongvariationsofthe
XUVintensity.
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6 Towards Femtosecond Time-
ResolvedPhotoemission
Inthepreviouschapter,thephotoemissionfromextremeultraviolet(XUV)light
pulsescreatedwiththehigh-orderharmonicgeneration(HHG)sourceischaracter-
izedandexperimentalconditionsthatalowtime-resolvedmeasurementsaredeter-
mined.Forpump-probeexperiments,additionalnear-infrared(NIR)pump-pulses
areusedtoexcitethetransientprocessunderinvestigationinoursetup.TheXUV
andNIRpulseshavetooverlapbothspatialyandtemporalyatthesamplesurface.
Theﬁrstpartofthischapteraddressesthequestionofhowthesetwoconditions
canbefulﬁled.Inthesecondpart,theinﬂuenceofthepump-beamintermsof
vacuumspace-charge(VSC)eﬀects(seeSec.5.3)ischaracterized,becauseitcreates
additionalphotoelectronscontributingtotheCoulombinteraction.Finaly,thetime
intervalprovidingstableconditionsforpump-probemeasurementsisinvestigated.
AlexperimentsinthischapterthatuseXUVradiationareperformedwiththeHHG
sourceintheblue-drivenmode(BDM)(seeSec.3.1).
6.1 TemporalandSpatialPump-ProbeOverlap
InordertoachievethetemporaloverlapbetweentheXUVpump-andNIRprobe-
beam,thedelaystageposition(seeSec.3.1),forwhichthepulsesofbothbeams
arriveatthesampleatthesametime(zerodelay(ZD)),hastobedetermined.
Thispositioncanberoughlyapproximatedusingsumfrequencygenerationina
β-BaB2O4(BBO)crystal(Type1,Θcut=44.3◦)fromthe390nmdrivinglaserof
theHHGprocessandthe780nmpump-beam.Sinceforthispurposethe390nm
beamhastoenterthephotoemissionchamber,theAlfoilwhichisusualyused
toblockit(seeFig.3.1)canbereplacedbyaborosilicateglasswindow.Forthe
measurement,theBBOcrystalisplacedbehindthephotoemissionchamberasshown
inFig.6.1.Thebeamsthenpropagatethroughthechamberandleaveitagainvia
anotherborosilicateglasswindow.Inthenon-linearprocessintheBBO,lightwitha
wavelengthof260nmisproducedbysummingupaphotonfromeachoftheoriginal
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beamsifbothpulsesarepresentatthesamespotandthesametimeonthecrystal1
390nm
780nm 260nm
BBO crystal
.
Consequently,thepositionoftheZDcanbefoundbyscanningoverthedelaystage
positionsandmonitoringtheappearanceoftheadditionalbeam. Thistechnique
alowsonetoscanadelayrangeofseveralhundredsofpicosecondswithinminutes
and,consequently,itisveryusefultoﬁndtheZDafterapplyingchangestothe
beampath.
Figure6.1: Experimentalge-
ometryofthezerodelaymea-
surementviasumfrequency
generation.Ifpump-andprobe-
pulsesoverlapintheBBOcystal,
athirdoutgoingbeamisgenerated
thathasaphotonenergydeter-
minedbythesumoftheincom-
ingbeams. Inordertoimprove
theclarity,theanglesareenlarged
intheilustrationcomparedtothe
realsituation.
FromthepositionwherebothbeamsarriveatthesametimeontheBBOcrystal,
theZDatthemeasurementpositionisonlyapproximatelyknownbecausethespa-
tialoverlapofthebeamshastobevariedandbecausebothbeamspropagatewith
diﬀerentvelocitiesthroughtheborosilicateexitwindow.Amoreaccuratedetermi-
nationoftheZDonthesamplecanberealizedusingmultiphoton-photoemission.
However,thismethodismoretimeconsumingandthusonlyreasonableforscan-
ningasmaldelayrangeinthevicinityoftheZDmeasuredusingtheBBOcrystal.
Itisbasedontheideathattypicalmetalicworkfunctionsφ(forCo,φ=4.8eV
[Walauer96])cannotbeovercomebyasinglephotonofthe780nmor390nmlight
havingaphotonenergyof1.6eVand3.2eV,respectively. Nevertheless,aphoto-
electroncanbereleasedifseveralphotonsareabsorbed.Thisismoreprobableat
theZD,wherephotonsofbothbeamsarepresentinthesampleatthesametime
leadingtoanenhancementofthesignal.Atypicalmeasurement2ofthiscountrate
enhancementisrepresentedbytheblacksquaresinFig.6.2.Thebackgroundsignal
(trianglesymbols)isgeneratedbymultiphotonprocessesfromthesinglebeams.
AsalreadyintroducedinSec.5.3,acharge-coupleddevice(CCD)camerahasbeen
usedtomonitorthebeamsonthesamplesurfaceandtoensurethespatialover-
lap. BesidesthedeterminationoftheZD,thecross-correlationsignalofthetwo-
photon-photoemissionenhancementcanbeusedtoestimatethetemporalresolution
1The260nmlightcanbedetectedbyﬂuorescencefrompaper.
2AresultforNiisshownbecauseforthismeasurementsdataforthebackgroundcountrate
fromthesinglepulsesaswelasacorrespondingdeterminationofthepump-pulsedurationis
available.TheenhancementeﬀectforNiandCoissimilarsincebothmaterialshavecomparable
workfunctions.
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Figure6.2: Enhancementofthe multi-
photonphotoemissioncountrateatthe
zerodelay.Thereddown-pointing(blueup-
pointing)trianglesshowdataacquiredwithonly
thepump(drivinglaseroftheHHGsource)ar-
rivingatthesample.Fortheblackdatapoints
bothbeams(verticalypolarized)arepresenton
thesamespotonthesamplesurface. Theful
linesrepresentﬁtsofaconstantvalueforthe
singlebeammeasurementsandaGaussianpeak
functionforthemeasurementwithbothbeams.
PhotoelectronswithEkin=0.8eVaredetected.
ThesampleisathinNiﬁlm(seetext/footnote)
grownonCu(001)havingaworkfunctioncom-
parabletoCo/Cu(001)[Huang84].
inourexperimentassuminganegligiblelifetimeoftheintermediatestate.Theﬁt
ofaGaussianpeakfunctionyieldsaful widthathalfmaximum(FWHM)ofthe
cross-correlationsignalof150fsforthemeasurementpresented,beingdominatedby
thepump-pulses,whichhaveacomparabledurationatthesampleposition3.This
ﬁndingisalsovalidiftheXUVpulsesfromHHGareusedinsteadofthe390nm
driving-beam(seeSec.7.1)becausetheHHGprocessgeneralyreducesthepulse
duration[Miaja-Avila06].
ComparedtotheZDbetweenthe780nmpump-and390nmdriving-pulses,theZD
betweenthe780nmpump-andtheXUVprobe-pulsesexhibitsstilashiftofthe
orderof1ps,becausethe390nmpulsesaresloweddownintheborosilicateglass
windowwhichissigniﬁcantlythickerthantheAlfoil. Theaccuratepositionof
theZDbetweenthesepulsescanbemeasuredusingthelaser-assistedphotoelectric
eﬀect(LAPE)[Miaja-Avila06]asshowninSec.7.1.
InordertoestablishthespatialoverlapbetweentheNIRpump-andtheXUV
probe-pulses,againpicturesfromtheCCDcamerawereused.Forthispurpose,the
XUVlightistransferedintothevisiblespectralrangeusingasamplecoveredwith
aﬁlmofﬂuorescentmaterialplacedatthesampleposition. Atypicalpictureof
theXUVspottakenwiththismethodisshowninFig.6.3.Itadditionalyshows
thepositionofthelaserbeamdrivingtheHHGprocess(blueelipse).Bothbeams
areingeneralguidedtoalmostthesamepositiononthesample.Nevertheless,ﬁts
ofrotatedtwo-dimensionalGaussianpeakproﬁles4revealanoﬀsetof≈0.2mm.
Therefore,thespatialpump-probeoverlapcannotbeestablishedusingthe390nm
3Beforeenteringthevacuumthroughtheborosilicatewindow,thepump-pulsedurationwas
determinedtobe131fsusinganopticalautocorrelationmeasurementviafrequency-doublingina
BBOcrystal. Whilepassingthroughalensandthedispersiveglasswindow,thepulsesarefurther
stretchedto>145fs.
4AnexampleofsuchaﬁtisshowninFig.5.8.
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Figure6.3: Pictureofthe XUVspot. It
istakenwithaCCDcameraandtheXUVlight
isconvertedtothevisiblespectralrangeusing
aﬁlmofﬂuorescentpowder. Realdimensions
atthemeasurementpositionarecalibratedus-
ingtheknownsizeofthesampleholder. The
blueelipserepresentstheFWHMborderofthe
spotfromthe390nmdrivinglaseronthesam-
ple,determinedwitharotatedtwo-dimensional
Gaussianpeakfunctionﬁt(seeFig.5.8).
drivinglaserthatisdirectlyvisibleonthesample,buthastobeadjustedusingthe
NIRandtheXUVlightonasurfacecoveredwithﬂuorescentpigments.Ithasto
beplacedexactlyatthemeasurementposition.
6.2 Pump-Induced Photoelectrons & Resulting
Space-ChargeContribution
Forthehighﬂuencesoftheorderof10mJ/cm2,whicharenecessarytotrigger
demagnetizationprocesses,itisknownthatthefemtosecondpump-pulsesexcite
photoelectronseventhoughthephotonenergyofhν=1.6eVisfarbelowthework
functionofCo(001)(φ=4.8eV[Walauer96])[Yen80,Riﬀe93,Aeschlimann95].
Whenarrivingatthespectrometer,thesephotoelectronscanreachkineticenergies
ofseveraltensofeV.Thus,theyareasfastasthephotoelectronsexcitedfromthe
valencebandusingXUVlight.
Ingeneral,theunderlyingeﬀectshavebeenstudiedtosomeextent,butarenot
fulyunderstoodyetandseveralcompetingmechanismshavebeenproposed5. At
smalpeakintensities(<1GW/cm2[Riﬀe93]),purelymultiphotonphotoemission
processesarebelievedtobedominantfortheelectronemission.Intheintermediate
intensityrange,theelectronsystemissigniﬁcantlyexcitedbytheultrashortlaser
pulsesleadingtoatransientstateswhereelectronsarepresentabovetheFermi
level(seeSec.7.1). Theexcitedelectronscanstronglysupportthemultiphoton
photoemissionbecausetheyhaveareducedenergydiﬀerencetothevacuumlevel
andthereforemultiphotonprocessesofalowerordercanbesuﬃcienttoemitthem
5Amoredetailedreviewofthestateofresearchisgiven,e.g.,in[Ferrini09].
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[Yen80].Thisprocessiscaled”thermalyassistedmultiphotonphotoemission”since
theelectronsystemcanberegardedasheatedduringthetransientstate.However,
itisnotinequilibriumwiththelattice. Theinﬂuenceofthetransientheatingof
theelectronsystemincreasesforhigherpeakintensitiesandevenpurethermionic
emissionhasbeenobserved[Riﬀe93].Inaddition,tunnel-ionizationoccursforhigh
peakintensitiesexceeding300GW/cm2[Ferrini09].AssumingaGaussiantemporal
structure,thepeakintensitiesofourpump-pulsesareintherangeof
Ipeak
A ≈0.94
F
τp≈100
GW
cm2 (6.1)
foralaserﬂuenceofF=10mJ/cm2andadurationofthepump-pulseofτp=100fs
(A:spotsize).Thus,ourexperimentalconditionsaremainlylocatedintheregime
ofthermalyassistedmultiphotonphotoemission,whichcanbedescribedbyagen-
eralizedFowler-DuBridgeapproach[Yen80].
However,thelatterexcitationmechanismisnotcapableofsatisfactorilyexplaining
thephotoelectrons,whichwereobservedinthespectraatkineticenergiesfarhigher
thanexpectedformultiphotonprocesses.Theeﬀectsleadingtothesefastphotoelec-
tronsarestilunderdebate6.Thediscussionincludesthepossibilityofacceleration,
e.g.,bytheponderomotiveforceoftheelectricﬁeldofthelaserpulse,especialyifitis
enhancedbysurface-plasmons[Kupersztych01,Dombi13],orbyVSC(seeSec.5.3).
Astrongcontributionfromsurface-plasmons,inparticularpropagatingones,isnot
probableinourCoﬁlms,becausethecouplingofthelighttosurface-plasmonsis
ingeneralweakforﬂatmetal-vacuuminterfacesandadditionalysurface-plasmons
arestronglydampedin3dferromagnets[Zayets12].Incontrast,VSCeﬀectscan
causeenergeticdistortionsofseveraleVforthephotoelectrondensitiesoftheorder
of105−106mm−1thatarereachedinourexperiments(seeFig.5.9).Therefore,we
believethatthelattermechanismisgivingthedominantcontributioninourstudies.
Nevertheless,itisbeyondthescopeofthisthesistodevelopanadvancedunderstand-
ingoftheunderlyingprocesses.Thus,theinvestigationsconductedintheﬁrstpart
ofthissectionmainlyfocusonthereductionoftheamountofpump-inducedpho-
toelectronsinourexperimentbyvaryingrelevantparameters.Inthesecondpart,
theinﬂuenceoftheadditionalphotoelectronsonourtime-resolvedmeasurementsis
characterized,inparticularconcerningtheircontributiontoVSC.
6.2.1 PhotoelectronEmissionbyNear-InfraredLight
InordertostudytheirinﬂuenceontheNIRpump-inducedemissionofphotoelec-
trons,wesubsequentlyvariedthemeasurementposition,thelightpolarization,the
pulseduration,andthelaserﬂuence.Theresultsofthemeasurementsforthesingle
parameterswilbepresentedinthefolowingparagraphs.
6Severalmeachnismsareconsidered,e.g.,in[Banﬁ03].
79
CHAPTER6. TOWARDSFEMTOSECONDTIME-RESOLVED
PHOTOEMISSION
First,spectrawererecordedfordiﬀerentpositionsoftheNIRlaserspotonthe
sample7(seeFig.6.4). Weﬁndthatthechangeofthepositionstronglyaﬀectsthe
photoelectronyield.ThiscanbeseenfromthesamplecurrentI,statedintheleg-
endoftheplot,whichvariessigniﬁcantlyforthediﬀerentspotpositions.Ithasto
benotedthatthespotwasmovedbyrealigningthelaserbeamontheﬁxedsample,
whichleadtoslightlydiﬀerentfocusingconditionsandthusspotsizesandpeak
intensities. However,astronginﬂuenceofthepeakintensityontheyieldcanbe
excludedbecausethespotissmalerforthepositions1and2(A1=0.73mm2and
A2=0.60mm2)thanforposition3(A3=0.90mm2).Asimilarposition-dependence
asinourresultswasmeasuredbyAeschlimannetal.
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,whosuggestanexplanation
basedon(localized)surface-plasmons[Aeschlimann95]. However,thismechanism
isstilcontroversialydiscussed[Shalaev96,Banﬁ03]andeventheinﬂuenceofthe
surfaceroughnessisnotyetclear[Rhie03,Banﬁ03].
Figure 6.4: Dependence of
the NIRpump-inducedpho-
toelectronspectrum onthe
positionofthelaserspot.The
measurements were performed
withs-polarizedlightonthinNi
ﬁlms(seetext/footnote)grown
onCu(001). Apulsedurationof
131fswasusedandthelaserﬂu-
encewas34mJ/cm2,42mJ/cm2
and28mJ/cm2 atposition1,2
and3,respectively. Thediﬀerent
positionsofthelaserspotonthe
roundsamplewithadiameterof
8mmareindicatedintheinset.
Moreover,theenergydistributioncurves(EDCs)plottedinFig.6.4showthatnot
onlytheyieldofphotoelectronsbutalsotheshapeoftheenergyspectrumdepends
onthesampleposition.Ingeneral,the(linear)photoelectrondensityρgiveninthe
legendoftheplotishighenoughtoexpectasigniﬁcantaccelerationofphotoelec-
tronsbyVSC(seeSec.5.3).However,thisexplanationcanonlybeemployedforthe
EDCmeasuredatposition3.Theenhancementoffastphotoelectronsatposition
1comparedtoposition2hasprobablyadiﬀerentoriginbecauseρandthusthe
shiftsduetoVSCeﬀectsarelargerforthelattermeasurement. Anotherpossible
explanationforthediﬀerentshapesofthespectraatposition1and2aretheslightly
7Thecharacterizationmeasurementsoftheposition-andlightpolarization-dependencewere
performedonNiﬁlms. However,thestrongposition-dependencewasalsoconsistentlyobserved
fortheCoﬁlms. Moreover,theﬁndingsforthepolarization-dependenceshouldbegeneralyvalid
becausetheexplanationisnotbasedonmaterial-speciﬁcproperties.
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diﬀerentemissionanglesofthephotoelectronsthataredetectedbythespectrometer.
Inordertofurtherinvestigatetheinﬂuenceoftheelectricﬁeldonthephoto-
electronsemittedbytheNIRpump-beam,thepolarizationofthelightatthe
positions2and3wasrotated.Theresultingcountsintegratedoverthefulspectra
andthesamplecurrents,whicharebothrelatedtothephotoelectronyield,are
summarizedinFig.6.5. Forposition2and3,thecountsaswelasthecurrents
showastrongdependenceonthedirectionofthelightpolarizationvector. They
changeperiodicalyandfolowalmostperfectlythe180◦periodicityofthelight
polarization.Themeasurementsshowthatthephotoelectronyieldhasamaximum
forp-polarizedandaminimumfors-polarizedlight.Thiscanbeexplainedbythe
diﬀerenceinlightabsorptionfortheincidentlightangleof45◦
-90 -45 0 45 90 135
40
60
80
100
120
140
Light Polarization (
Int
ens
ity 
(k
Co
unt
s)
p-p
olar
ize
d
s-p
olar
ize
d
0.1
0.2
0.3
0.4
0.5
0.6/ Counts Pos. 2/3/ Curent Pos. 2/3
Sine Fit to
Counts Pos. 2
Sa
mpl
e C
urr
ent 
(n
A)
°)
inourgeometry
[Damasceli96].
Figure 6.5: Dependence of
thepump-inducedphotoelec-
tronintensityandsamplecur-
rentonthelightpolarization.
Theintensityisdeterminedasthe
sumofcountsoverthefulenergy
spectrum(seeFig.6.6). Measure-
mentswereperformedatposition
2and3.
ThedatashowninFig.6.5revealsthattheintensityvariationduetothelight
polarizationchangeislargeratposition2thanatposition3. Moreover,theshape
ofthespectrarecordedatposition3doesnotshowasigniﬁcantinﬂuenceofthe
variationofthelightpolarization(seeleftsideofFig.6.6).Incontrast,atposition2
theenergydistributionofthepump-inducedphotoelectronsdependsstronglyonthe
lightpolarization(rightsideofFig.6.6).Here,duetothelargevariationofcreated
photoelectrons,thelinearphotoelectrondensityρvariesoveralmostoneorderof
magnitude.Sincetheamountofhighenergyphotoelectronschangessimilarly,VSC
eﬀectsareagainapossibleexplanation.
Thenextparameterthatwasvariedisthedurationofthepump-pulsesusingthe
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Figure6.6: NormalizedEDCsfordiﬀerentlightpolarizationsatposition3(left)and2
(right).ThemeasurementswereperformedunderthesameexperimentalconditionsasinFig.6.4.
compressorinthelaserampliﬁersystem8.AsshownontheleftsideofFig.6.7,the
integratedelectroncountsdecreasewithincreasingpulsedurationasexpectedfor
multiphotonphotoemission.However,ingeneralanexponentialdecreaseischarac-
teristicforsuchaprocess[Musumeci10].Thedeviationfromtheexpectedbehavior
canbeexplainedbyasuppressionoftheemissionofadditionalphotoelectronsfor
highyieldsbytheCoulombrepulsionofthealreadyexistingphotoelectroncloud
[Riﬀe93].Ingeneral,aninﬂuenceofVSCeﬀectsisalsosupportedbytheshapeof
theenergydistributionofthephotoelectrons(seerightsideofFig.6.7),becausethe
numberoffastphotoelectronsisscalingwiththetotalnumberofelectrons. The
datasupportsourassumptionthat(propagating)surface-plasmonsdonotplaya
majorroleforourmeasurementsbecausethiswouldresultinanincreasedamount
offastphotoelectronsforlongpulses[Kupersztych01].Inpump-probeexperiments,
weadjustedthedurationofthepump-pulsesbypassingthemthroughadditional
piecesofglass.Thisavoidschangesinthedurationoftheprobe-pulses,whichwould
occurforanadjustmentusingthecompressorofthelaserampliﬁersystem.
Finaly,thepowerofthepump-beamwasvariedinordertomeasuretheresulting
eﬀectonthephotoelectronspectrum.TheleftsideofFig.6.8showsthenormalized
electroncountsatakineticenergyofEkin=15.1eV(openbluecircles)aswelas
integratedoverthefulspectrum(ﬁledblacksquares),bothplottedasafunction
ofthelaserﬂuence. Moreover,thecorrespondingEDCsarepresentedontheright
side.Forapuremultiphotonprocess,anincreaseoftheintegratedcountswiththe
laserintensitytothepowerofthenumberofinvolvedphotonsisexpected[Yen80].
Furthermore,theexponentcanbeevenhigherinthecaseofathermalyassisted
8Alvaluesgivenforthepulsedurationhavebeenmeasuredatthesamereferenceposition
beforethevacuumchamber.Becausealensandaborosilicatevacuumwindowareplacedbetween
thispositionandthesample,theactualdurationatthesamplecandiﬀerbyafewfemtoseconds.
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Figure6.7: Left: Dependenceofthepump-inducedphotoemissionintensityonthe
pulseduration. Thetotalnumberofcountsinthespectrawasaddedup. Al measurements
wereperformedonthinCo(001)ﬁlms.
mechanism[Damasceli96].Suchanexponentialincreaseisnotobserved.Similar
tothepulselengthdependence,thealmostlinearbehaviormightberelatedtoan
increasingsuppressionofphotoelectronemissionbyVSCeﬀectsfordenserelectron
clouds[Riﬀe93].Thenon-linearbehavioroftheelectroncountsatEkin=15.
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causedbyashiftoftheelectrondistributiontowardshigherkineticenergies.This
interpretationissupportedbythemeasuredspectra.
Figure6.8: Dependenceofthepump-inducedphotoemissionintensityonthelaser
ﬂuence.Thepump-pulsesweres-polarizedandhadadurationof176fs.ThinCo(001)ﬁlmswere
usedasthesampleandthespotsizewasA=1.27mm2.
Inconclusion,wefoundthatseveralparametersdeterminethepropertiesofthe
photoelectronsexcitedbytheNIRpump-pulses.Ourresultsshowthatthephoto-
electronyieldaswelastheirenergydistributionstronglyvaryovertheparameter
rangethatwestudied.Inordertodecreasetheamountofphotoelectronsgenerated
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bytheNIRbeam,acarefuladjustmentofthepump-pulsedurationtothedesired
temporalresolutionisnecessary. Moreover,ourexperimentsshowacleardepen-
denceofthephotoelectronyieldonthespotposition.Scanningoverthesampleto
ﬁndasuitedspotisthereforeessentialbeforestartingtime-resolvedmeasurements.
6.2.2 Vacuum Space-Charge Contributionfrom Pump-
InducedPhotoelectrons
Aftercharacterizingtheyieldandtheenergydistributionofthepump-inducedpho-
toelectronsfordiﬀerentconditions,thefolowingsubsectionwildescribetheeﬀect
oftheseelectronsontheresultsinpump-probemeasurements9
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.Inparticular,the
pump-inducedelectroncloudinteractsviaCoulombrepulsionwiththephotoelec-
tronsexcitedbytheXUVprobe-pulse.ThisresultsinanadditionalVSCcontribu-
tion,whichdependsonthedelaybetweenbothpulsesandthustheelectronclouds.
Figure 6.9: Subtraction ofthe pump-
inducedphotoemissionbackground.The
blackopencirclesrepresenttheelectroncounts
fromonlytheNIRbeam,andtheblueﬁled
squaresthesumofcountsfromtheNIRandthe
XUVlight. Thekineticenergyrangeisinthe
vicinityofthe3dCu(001)peak.(Adaptedfrom
[Pl¨otzing16]withpermissionofAIPPublishing.
TheCClicensedoesnotapply.)
Inordertoinvestigatetheinteractionbetweenthetwoelectronclouds,photoe-
missionspectrafromthe3dvalencebandsofCu(001)wererecordedinnormal
emission. Fortheexcitation,theHHGsourceinBDMwasusedatarepetition
rateof5kHz,whiletheNIRpump-beamemittedadditionalphotoelectronsfrom
theprobedsampleposition. Themeasurementpositionwasnotoptimizedfora
smalphotoemissionyieldfromtheNIRpulsesandthepumpﬂuencewasadjusted
to≈ 8mJ/cm2resultingina≈ 20timeshigherelectronyieldfromtheNIR
pump-thanfromtheXUVprobe-beam.Inthistestsituation,theinﬂuenceofthe
pump-inducedelectroncloudontheprobe-inducedelectronshasbeensigniﬁcant,
whereasweassumethattheoppositeeﬀectisnegligible.Bysubtractingtheresults
ofsubsequentmeasurementswithonlytheNIRpump-beamandboththeXUV
probe-andtheNIRpump-beamimpingingonthesample,thecountsfromelectrons
excitedbytheXUVlightwereextracted. Typicalspectraforbothmeasurements
areshowninFig.6.9.
9Notethatpartsofthissubsectionarealsosubjectof[Pl¨otzing16].
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AsdescribedinSec.5.3,VSCeﬀectsinduceanenergyshiftofspectralfeaturesin
photoemission.Inordertostudythedependenceofthisshiftonthedelaybetween
bothpulses,therelativearrivaltimehasbeenvaried. TheleftsideofFig.6.10
showstheenergydistributionoftheelectronscreatedfromtheCu(001)3d
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bytheXUVlightforthreechosencharacteristicdelays.Inaddition,areference
spectrumofthepeakwithoutNIRpump-beamisplotted(blackﬁledtriangles).
Figure6.10: Left: NormalemissionspectraoftheCu(001)valencebands measured
withXUVpulsesinthepresenceofNIRpulses.ThebackgroundcountsfromtheNIRbeam
weresubtracted(seeFig.6.9)andthedelay∆tbetweenthepulseswasvariedforthediﬀerent
measurements.ThelinesrepresentGaussianpeakfunctionﬁts.(Adaptedfrom[Pl¨otzing16]with
permissionofAIPPublishing. TheCClicensedoesnotapply.) Right: Delay-dependence
ofthepeakshift.Thepeakpositionwasextractedfromspectraasshownontheleftsideby
Gaussianpeakfunctionﬁts.Thelineservesasaguidetotheeye.
Fornegativedelays,meaningthattheXUVprobe-pulsesarriveatthesampleearlier
thantheNIRpump-pulses,thepeakisshiftedtowardshigherkineticenergies(red
opentriangles). AnevenstrongershiftisobservedclosetotheZDandevenfor
smalpositivedelays(blueﬁledsquares).Forhigherpositivedelays,however,the
peakisshiftedtowardsnegativekineticenergies(greenopensquares).
FromGaussianpeakfunctionﬁtstoEDCsmeasuredoverabroaderdelayrange,a
detaileddelay-dependenceoftheenergeticpositionofthe3dpeakcanbeextracted.
TheresultsareplottedontherightsideofFig.6.10. Uptonow,studiesofthe
inﬂuenceofpump-inducedphotoelectronsonphotoemissionspectraviaVSCina
pump-probeschemeareonlyrarelyreportedinliterature. Theexperimentsthat
areclosesttoourconditionswereperformedbyOloﬀetal. usingfree-electron
laser(FEL)radiation[Oloﬀ14].Fornegativedelays,theauthorsobserveabehavior,
whichqualitativelyagreeswithourdata.However,forpositivedelaysnonegative
shiftsarepresent.Incontrast,thereportedmeasurementsshowasimilardecayas
forthenegativedelaysbutwithadiﬀerentcharacteristicconstant.Oloﬀetal.were
85
CHAPTER6. TOWARDSFEMTOSECONDTIME-RESOLVED
PHOTOEMISSION
abletodescribetheirresultswithamodelbasedontheideathatthepump-induced
electroncloudcanbesimulatedbytheelectrostaticpotentialofatwo-dimensional
diskofcharges. Thelatterisgiven,onthesymmetryaxisatadistancez,by
[Siwick02]
V(z)=eπ0·
Npulse
d2FWHM· z
2+d2FWHM−z , (6.2)
whereNpulseisthenumberofphotoelectronsgeneratedperlaserpulse,dFWHMis
thediameterofthephotoelectrondiskandtheconstantseand 0havetheirstan-
dardmeaningastheelementarychargeandthevacuumpermittivity,respectively.
ThemodelusedbyOloﬀetal.assumesthattheprobe-inducedelectronsarecreated
withinthispotentialandreachthespectrometerinﬁeld-freespace.Intheircase,the
latterassumptionisjustiﬁedbecausethedetected(probe-induced)photoelectrons
aresigniﬁcantlyfaster(severalkeV)thanthepump-inducedelectroncloud.Dueto
energyconservation,theenergygainoftheprobe-inducedelectronsisthengiven
bytheirpotentialenergywhenbothcloudsaresimultaneouslypresentfortheﬁrst
time.Ingeneral,thepotentialenergyoftheprobe-inducedelectronsatthistime
dependsontheirdistancetothepump-inducedelectroncloud.Fornegativedelays,
theprobe-inducedelectronsaregeneratedﬁrstandtravelapartofthedistance
tothespectrometerbeforethepump-inducedelectronsareemitted. Forpositive
delays,thesituationisopposite.Becauseofthediﬀerentkineticenergiesandthus
velocitiesofthepump-andprobe-inducedelectrons,thisresultsindiﬀerentdis-
tancesattheﬁrstsimultaneousappearanceofbothcloudsforpositiveandnegative
delays.Therefore,thecharacteristicconstantsofthedecaysarediﬀerent.
Incontrasttotheseﬁndings,theassumptionthattheprobe-inducedelectronsreach
thespectrometerfarinfrontofthepump-inducedelectroncloudisnotfulﬁledin
ourexperimentssinceherebothcloudshavesimilarkineticenergies.Consequently,
thepotentialenergyoftheprobe-inducedelectronsatthetimewhentheyreach
thespectrometerhastobeadditionalyconsidered.Forthispurpose,weperformed
simulationswithasimplemodelthatisalsobasedonthepotentialinEq.6.2.
Here,thepositionsofthepump-inducedelectroncloudandoneprobeelectronare
calculatedforsubsequenttimestepsusingaﬁxeddelaybetweenthearrivaltime
ofbothlightpulses.Thepump-inducedphotoelectroncloudismodeledasseveral
two-dimensionaldiskscreatedatthearrivalofthepump-pulseonthesampleand
havingthesizeofthelaserspot.Eachdiskpropagateswithadiﬀerentkineticenergy
andconsistsofanamountofchargesrepresentingintotalaGaussianenergydis-
tributionmatchingthetotalnumberofelectronsextractedfromthesamplecurrent
(I=0.9nA).Theshapeofthedistribution(E0=5eVandFWHM≈16.5eV)is
motivatedbytheresultsshowninFig.6.7.Alinternalinteractionsinthepump-
inducedelectroncloudwereneglected.AtthearrivaloftheXUVbeam,theprobe
electroniscreatedwithaninitialkineticenergyofEHHG=15eV.
Atthetimewhenbothpulseshavearrivedatthesample,thetotalenergyofthe
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probeelectroniscalculatedbythesumofitsoriginalkineticenergyanditsenergy
inthepotentialofthepump-induceddisks.Forthefolowingtimestep,thenew
positionsoftheprobeelectronaswelasthepump-inducedelectrondisksarecal-
culated.Afterwards,thenewpotentialenergyoftheprobeelectronintheﬁeldof
thepump-inducedelectrondisksisdeterminedusingthesepositions.Thediﬀerence
ofthetotalenergyandthispotentialenergydeﬁnesthenthenewkineticenergyof
theprobeelectron,whichisagainusedtocalculateitspositionforthenexttime
step.Thisprocedureisrepeateduntiltheprobeelectronhastraveledthedistance
tothespectrometerentrance(l=2.
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5cm).Finaly,thediﬀerenceofthekineticen-
ergycomparedtotheundisturbedcaseisdeterminedatthespectrometerentrance
position. Thesimulationcanbeperformedforseveraldelaysbetweenthepump-
andprobe-pulsereproducingthemeasurementsplottedontherightsideofFig.6.10.
ThecorrespondingMATLABsourcecodeispresentedintheAppendix.
Figure6.11: Left: Resultofasimulationoftheenergyshiftofthe Cu(001)va-
lencebandsduetovacuumspace-chargegeneratedbypump-inducedphotoelectrons.
Theparametersofthesimulationcorrespondtotheexperimentalsituationforthedatashownin
Fig.6.10. Theoscilationsofthecurvevisibleforpositivedelaysaregeneratedbythediscrete
kineticenergyvaluesofthedisksusedtodescribethepump-inducedelectroncloud.Detailsofthe
simulationaredescribedinthetext.Right: Electrostaticpotentialofatwo-dimensional
disk. Forthefourdelaysthataremarkedontheleftside,thedistanceoftheprobeelectron
fromtheweightedmeanofthepump-inducedelectroncloudismarkedfortheﬁrsttimewhenboth
cloudscoexist(t0)andthetimewhentheprobeelectronarrivesatthedistanceofthespectrometer
entrance(tDet).(Adaptedfrom[Pl¨otzing16]withpermissionofAIPPublishing.TheCClicense
doesnotapply.)
TheenergyshiftscalculatedusingthevaluesforI,E0,FWHM,EHHG,andlgiven
inthetextaboveareplottedontheleftsideofFig.6.11. Theresultsshowthat
thesimulationqualitativelydescribesourexperimentalﬁndings:theincreaseofthe
peakshiftfromhighnegativedelaystotheZD(∆t=0),thefastdropandchange
ofsignoftheshiftfor∆t>0andtheslowconvergencetowardstheundisturbed
caseforincreasingpositivedelaysarereproduced.
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Foramoredetailedinterpretationoftheresult,thesituationatthefourdelays
markedintheplotandrepresentingtypicalexperimentalsituationswil bede-
scribedinthefolowing.Forthispurpose,thepotentialofasinglediskcarryingal
pump-inducedelectrons10isplottedontherightsideofFig.6.11. Thispotential
representstheinteractionofthepump-inducedelectroncloudwiththeprobeelec-
tron.Thedistancebetweentheprobeelectronandthissingle,pump-induceddisk11
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ismarkedforthefourrepresentativedelaysattwosituations:(1)attheﬁrsttime
whenbothpulseshavearrivedatthesampleand(2)atthetimewhentheprobe
electronreachesthedistanceofthespectrometerentrance.Inaddition,Fig.6.12
showsthetraveleddistancefromthesampleasafunctionoftimefortheprobe
electron(blackline),anundisturbedreferenceelectron(greensquares)andselected
disksofthepump-inducedelectroncloud(separation:2eV,redlines)forthedelays
discussed.
Figure6.12:Propagationofelectronsinthesimulation.Thetimet=0marksthesituation
whenthesecondoftheeitherpump-(for∆t<0)orprobe-pulse(for∆t>0)arrivesatthesample.
Forthepump-induceddisks,thelinethicknessoftheplotsrepresentstheamountofelectronsin
thecorrespodingdisk.ThedelaysforthesituationsshownherearemarkedintheplotsofFig.6.11.
10Theseparationintoseveral,splitdiskswithdiﬀerentkineticenergiesasusedinthesimulation
isnotconsideredinthisilustrationforthesakeofsimplicity.
11Thetrajectoryoftheprobeelectroniscalculatedusingthesimulationwiththefulkinetic
energydistributionofthepump-inducedelectroncloud. Thevaluesthenrepresentthedistance
oftheprobeelectrontoanelectrondiskpropagatingwithakineticenergydeterminedbythe
weightedmeanoverthepump-inducedelectroncloud.
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Fornegativedelays(seeblackcrossesinFig.6.11),theprobeelectronhasalready
propagatedawayfromthesampleatthetimewhenthepump-pulsearrivesthere
(seetopleftofFig.6.12).Sincemostofthepump-inducedelectronsareslowerthan
theprobeelectron,itstaysinfrontandevenincreasesthedistancetothemajorityof
thepump-inducedcloud.Therefore,thepotentialenergyissmalerattheposition
ofthespectrometerentrancethanatt0andtheenergyshiftispositive(meaning
towardshigherkineticenergies).Thissituationdescribesalnegativedelays.How-
ever,theenergyshiftisincreasingfordecreasing∆tbecausesmalerdelaysresult
inashorterdistancethattheprobeelectroncanpropagatefromthesamplebefore
thearrivalofthepump-pulse. Forsmalpositivedelays(grayhorizontallinesin
Fig.6.11),thesituationisstilsimilar.Themaindiﬀerenceisnowthattheprobe
electronisgeneratedbehindthepump-inducedcloud(toprightsideofFig.6.12).
Nevertheless,theprobeelectronisstilabletoovertakealargenumberoftheelec-
tronsinthepump-inducedcloudandreachesthespectrometerentrancesigniﬁcantly
infrontofmostofthemwithonlyasmalinﬂuenceofthecorrespondingﬁeld.This
leadstopositiveshiftsoftheenergyoftheprobeelectron.However,forlargerpos-
itivedelaysthedistanceofthepump-inducedcloudandthusthepotentialenergy
oftheprobeelectronatitsgenerationisdecreasing.Inparalel,theinteractionof
theprobeelectronwiththepump-inducedelectronsattDet isincreasing,because
theprobeelectronarrivesatthespectrometerentrancepositionwiththemajority
ofthecloud(bottomleftsideofFig.6.12).Atsomepoint,thepotentialenergyof
theprobeelectronattDetbecomesstrongerthanitspotentialenergyatt0andthe
probeelectronisintotaldecelerated(redtiltedcrossesinFig.6.11). Withfurther
increasingpositivedelays,theprobeelectronisnotabletocatchupwiththema-
jorityofthepump-inducedelectronsanymoreandstaysbehindmostofthecloud
(bottomrightsideofFig.6.12).Then,therepulsiveforceisstilslowingdownthe
probeelectron,butduetothehigherdistancestheinteractionandthusthenegative
shiftissmaler(greenverticallinesinFig.6.11).
Altogether,thesimulationalowsaqualitativeinterpretationofourexperimental
ﬁndings.Nevertheless,quantitativelytheresultsofthesimulationandtheexperi-
mentdiﬀer.First,themodelpredictsstrongerpositivepeakshiftsaround∆t=0.
Apossibleexplanationforthisdiscrepancyarepositivemirror-chargescreatedby
thepump-inducedphotoelectronsinthesample,whichareneglectedinthesimula-
tion(seealsoSec.5.3).Fortheﬁrsttensoffemtosecondsafterthecreationofthe
pump-inducedelectroncloud[Campilo00],thesamplesurfacelayersarepositively
chargedduetotheemissionofthephotoelectrons.Onlongertimescales,ascreening
oftheelectrostaticﬁeldofthepump-inducedelectroncloudinthemetalicsample
ispresent.Botheﬀectsgenerateanadditionalpotentialthatdeceleratestheprobe
electroninthevicinityofthesample.Inaddition,thesimulatednegativeshifts
aresmalerthanthemeasuredvalues.Themostimportantdiﬀerenceis,however,
thatthecharacteristicconstantsofthedecaysforbothnegativeandpositivedelays
aresigniﬁcantlyoverestimatedbythesimulationasindicatedbythetimescales
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oftheplotsinFig.6.10andFig.6.11,whichdiﬀerbyafactorof10.Ingeneral,
thesimulationisverysimpliﬁedandseveralaspectsarenotyetproperlytakeninto
account. Asmentionedearlier,alinteractionswithinthepump-inducedelectron
cloudaswelastheinﬂuenceoftheprobe-inducedelectronsonthepump-induced
cloudareneglected.Furthermore,inthesimulationalelectronsarerestrictedtoa
propagationalongthenormalemissiondirection,whichisagainasimpliﬁcationof
therealsituation. Otherpropertiesthatareneglected,liketheinnerstructureof
thephotoelectronclouds,areinparticularimportantduringtheovertakingprocess.
Finaly,theinteractionofthephotoelectronsontheirwayinsidethespectrometer
isnottakenintoaccount.Anadvancedsimulationconsideringtheseeﬀectsmaybe
abletoexplainthemeasurementresultsalsoquantitatively.
Besidesexplainingtheexperimentalresults,themodelthatisusedcansuggestcrit-
icalparametersforupcomingstudies. AsshowninFig.6.13,theinﬂuenceofthe
pump-inducedphotoelectronsonthemeasurementsviaVSC,andespecialythepo-
sitionofthechangeofsign,dependsstronglyonthedistancebetweenthesampleand
thespectrometerentrance.Ithastobenotedthatthisdistancewasonlyroughly
estimateduptonowandhastobemeasuredmorepreciselyforupcomingmeasure-
ments.Inaddition,thisquantitycanbevariedinthefutureinordertoverifyour
model. Moreover,theshapeofthedelay-dependenceisstronglyinﬂuencedbythe
spectrumofthepump-inducedelectroncloud.AsshowninSec.6.2.1,thelattercan
signiﬁcantlyvary,e.g.
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,fordiﬀerentsamplepositionsorﬂuences. Thefulenergy
distributionofthesephotoelectronshastobemeasuredfortheparticularconditions
inordertoalowapropersimulationoftheexperimentsituation.
Figure 6.13: Results of
the simulation of vacuum
space-charge eﬀects caused
by pump-induced electrons
forvaryingparameters. The
dashed black and solid gray
curveilustratetheinﬂuenceof
achangeoftheGaussianenergy
distributionofthepump-induced
photoelectrons bychangingthe
centralenergy andthe width,
respectively. Forthereddashed
and magentasolid curve, the
distancethattheprobeelectron
propagates waschanged. For
thebluedashedline,thesame
parametersasontheleftsideof
Fig.6.11wereused.
Asourresultsshow,thepump-inducedVSCeﬀectsoccuronapico-tonanosecond
timescale.Althoughtheycaninﬂuencetheinvestigationofmagnetizationdynam-
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Figure6.14: DriftoftheHHG
spot withtime.Thedatawas
extractedfrompicturessimilarto
Fig.6.3byﬁttingarotatedtwo-
dimensional Gaussianpeakfunc-
tion(seeSec.5.3). Theblack
opensquaresandredﬁledtri-
anglesilustratetheextractedx-
andy-coordinatesofthepeakposi-
tions,respectively. Moreover,the
thicklinesrepresentcorrespond-
inglinearﬁtstothesevaluesand
thedashed/dottedlinestheaver-
ageFWHMofthespot.
ics,theeﬀectscanthereforebetreatedasaconstantshiftforprocesseshappening
withinseveralhundredsoffemtosecondslikeelectron-dynamicsorultrafastdemag-
netization.
6.3 TemporalStabilityoftheBeamSpotPosition
Formeasurementsoftheultrafastmagnetizationdynamicsinapump-probescheme,
thestabilityofthebeampositionisacrucialparameterbecausetheoverlapbetween
pump-andprobe-beamneedstobestableoverthefulacquisitiontime.Therefore,
severalmeasurementstoidentifythestabilityconditionsinoursetupwereper-
formed. First,thetemporaldriftofthespotoftheXUVlightcreatedwiththe
HHGsourceinBDMwasmonitored(seeFig.6.14).Fromalinearﬁttothebeam
position,amovementof3.3µm/mininx-and7.6µm/mininy-directioncanbe
determined. Especialyforthex-position,thisleadstoatotaldriftthatexceeds
thespotsizeofFWHMx=0.39mmwithinthetypicalacquisitiontimeofatime-
resolvedmeasurementlastingoverseveralhoursandcanthusleadtoalossofthe
spatialoverlapbetweenpump-andprobe-beam.Thiseﬀectisevenmorerelevant
becauseinultrafasttime-resolvedmeasurementsthespotsizeisidealyreducedto
≈100µminordertominimizethecreationofpump-inducedphotoelectrons.
AnotherpropertyofourHHGsourceisthatthephotonﬂuxdropsduetoachange
ofthepointingofthedrivinglaserbeam.Thisismainlyrelatedtosmaldeviations
ofthelaboratoryconditionseventhoughthelasersystemandtheHHGsourceare
housedinatemperature-stabilizedbox. Thediﬀerenceinthelaserpointingthen
leadstoareducedcouplingofthebeamintotheAr-ﬁledwaveguideandthesource
hastobereadjusted.Inordertoinvestigatetheinﬂuenceofthereadjustments,the
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positionandthedriftofthe390nmbeam12weremonitoredforseveralconsecutive
alignmentsoftheHHGsource.TheresultsareshowninFig.6.15.Theyclearlyshow
thatanoﬀsetofseveral100µ
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mcanbeinducedbytherealignmentsincetheposition
ofthecapilaryandthusthelightsourceimagedbytheopticsinthebeamline
changes.Inaddition,thestrengthofthedriftischangingforthediﬀerentalignments
bytwoordersofmagnitudeandisnotevenalwaysfolowingalinearbehavior.
Figure6.15: Positionofthedrivingbeamafterchangingthealignmentofthe HHG
sourceanditsdriftwithtime.ThebeampositionwasdeterminedasinFig.6.14,butusing
thebluedrivinglaserbeam.Ontheleftside,thex-componentofthecoordinatesisshown,whereas
therightsideilustratesthey-component.
Altogether,thepump-probeoverlaphastoberealignedusingﬂuorescentmaterialaf-
tereachreadjustmentoftheHHGsource. Moreover,thetimeperiodwhichprovides
stableconditionscannotbepredictedbecauseofthevaryingdriftofthepointingof
thelaserlight.Therefore,pump-probeexperimentswereonlyinfrequentlypossible
withoursetup,especialyformeasurementsthatneedlongacquisitiontimes.
However,thislimitationcanbeaddressedbyactivelycompensatinglong-termdrifts
ofthelaser[Emmerich15].Forthispurpose,anactivebeamstabilizationwasin-
troducedinoursetupwithinthelastmonths[von Witzleben15].Itconsistsoftwo
piezo-drivenactuatorstosteerthelaserbeampositionaswelasitspointingand
twoCCDcamerasthatrecordthebeamafterwards.Afeedbackloopbetweenthe
camerasandtheactuatorsisthenusedtocompensatebeammovements.
TheleftsideofFig.6.16showsthechangeofthe(horizontal)positionofthelaser
beamwithtimeifthebeamstabilizationisturnedoﬀandifitisturnedon. Without
activestabilization(blackline),thebeamshowsstrongdriftsonatimescaleofsev-
12ItisassumedthatthisbeampropagatesinasimilarwayastheXUVlightandisalsosensitive
tothewaveguideposition.
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Figure6.16: Left: Horizontaldisplacementofthelaserbeamasafunctionoftime
withandwithoutactivebeamstabilization. ThedatawasextractedfromoneoftheCCD
camerasthatmonitorthebeamforthestabilizaton. Thevaluesaresmoothenedoverarange
of10datapointstoreducenoiseduetoshort-termﬂuctuations. Notethattheblacklinehasa
higherdensityofdatapoints.Right: Voltageappliedtothepiezo-drivenactuatorsthat
compensatethebeammovements.Thedatacorrespondstothestabilizedsituationshownon
theleftsideoftheﬁgure.(resultsareinbothcasestakenfrom[von Witzleben15])
eralminutes13.Incontrast,thepositionofthelaserbeamisonlyslightlyﬂuctuating
aroundtheoriginalpositionifitisstabilized(redline). Moreover,thevaluesforthe
voltagesappliedtothepiezo-drivenactuatorsaresigniﬁcantlychangingduringthis
time(seerightsideofFig.6.16),whichprovesthattheincominglaserbeamhad
changeditspointingandposition,butthatthechangeswerecompensated.Ade-
taileddescriptionandtestingofthebeamstabilizationaswelasfurtherinformation
aboutthepresentedcharacterizationcanbefoundin[von Witzleben15].
13Thescaleofthey-axisrepresentsthepositionononeofthebeamstabilizationCCDcamera
andcannotbedirectlycomparedtothebeampositiononthesample,whichisshowninFig.6.14
andFig.6.15.
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7 Photoemission Studies ofthe
Electron-andSpin-Dynamicsin
ThinCoFilmsDuringUltrafast
Demagnetization
Asdiscussedattheendofthelastsection(seeSec.6.3),highrequirementsfor
thetemporalstabilityofthelaserpointingandthehigh-orderharmonicgenera-
tion(HHG)sourcehavetobesatisﬁedforpump-probemeasurementswithlong
acquisitiontimes. ToensurethebestpossibleHHGbeamstability,wejoined
ourspin-resolvedphotoelectrondetectionsystem(cylindricalsectoranalyzer(CSA)
spectrometerandFERRUMspindetector)withanexperimentalsetupthatiswel-
establishedfortime-andangle-resolvedphotoemissionattheUniversityofKaiser-
slautern(AGAeschlimann)[Mathias07,Eich14].Thisenabledaneﬃcientprogress
oftheproject,whichwasinadditionsubstantialyacceleratedduetothecombina-
tionoftheexperiencewithtime-resolvedphotoemissionusingtheHHGsourceof
thegroupinKaiserslauternandourknowledgeaboutspin-resolvedexperimentswith
pulsedextremeultraviolet(XUV)light. Moreover,thejointexperimentaloweda
directcomparisonofangle-resolvedstudiesoftheelectron-dynamicsusingtheal-
readyinstaledhemisphericalanalyzer(Phoibos150,SPECSSurfaceNanoAnalysis
GmbH)withresultsobtainedwiththespin-resolveddetectionschemeonthesame
samples.AsketchoftheresultingsetupisshowninFig.7.1.
TheHHGsource1usedforthemeasurements,whichwilbepresentedinthefol-
lowingsections,issimilartotheblue-drivenmode(BDM)describedinSec.3.2.
Itisbasedonaregenerativelaserampliﬁersystem(Wyvern,KMLabs)thatwas
operatedatarepetitionrateof10kHzatacentralwavelengthofλ=790nm.
Furthermore,thelaserpointinghasbeenactivelystabilizedtobeconstantatthe
entranceofthecapilarywaveguide[Emmerich15].Tenpercentofthefundamental
lightintensitywasseparatedforthepump-beamandthepulsedurationinthispart
1Furtherinformationcanbefoundin,e.g.,[Eich14,Emmerich15].
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Figure7.1: Sketchofthe
experimentalsetupforthe
ultrafast demagnetization
measurements. A pump-
probetechniqueisusedtoal-
lowforsub-picosecondtempo-
ralresolution. Dependingon
thesampleangle,adetection
systemenablingeitherangle-
orspin-resolvedphotoelectron
spectroscopycanbeused.
wasadjustedto2≈74fsatthesamplepositionusingthedispersioninacalcite
crystalinorderto minimizephotoemissioninducedbythenear-infrared(NIR)
pump-pulses(seeSec.6.2).Theremaininglightwasfrequency-doubledleadingto
apulseintensityof≈0.3mJ/cm2atλ=395nmandlaterusedfortriggeringthe
HHGprocess. Furthermore,theXUVphotonﬂuxatthesamplewasincreased
byusingKrgasfortheenergy-upconversionandbycoatingtheSiO2mirrorin
thebeamlinewithB4Cresultinginahigherreﬂectivity. Thespotdiameter3of
the395nmlaserbeamatthesampleposition,whichgivesanupperlimitfor
thesizeoftheXUVbeam, wasdeterminedusingaknife-edge methodtobe
FWHMx=207µmandFWHMy=225µminx-andy-direction,respectively.
Similarly,FWHMx=245µmandFWHMy=440µmwasobtainedforthesizeof
theNIRpump-beam.
AsshowninFig.7.1,theentrancelensesofthephotoelectronspectrometerswere
mountedatanangleof±45◦withrespecttothedirectionoftheincomingHHG
light.IncontrasttotheconﬁgurationdescribedinSec.3.2.1,theCSAwasmounted
withaverticalyorienteddispersiveplanemakingtheFERRUMsensitivetothe
out-of-planeandthehorizontalin-planedirectionofthesample.
Thefolowingchapterwil,ﬁrst,giveanoverviewofthelaser-inducedelectron-
dynamicsthatweobservedinCo(001)(Sec.7.1).Inthesecondpart,thefeasibility
ofspin-,energy-andtime-resolvedexperimentswilbedemonstratedandresults
2Thepulsedurationwasdeterminedfromtheautocorrelationsignaloffrequency-doublingina
β-BaB2O4(BBO)crystalto62fs.Afterwards,itstilpassesthroughalensandavacuumwindow
beforeitarrivesatthesample.
3Thediametervaluesdonotconsidertheenlargementofthespotinx-directionduetothe
rotationofthesamplethatleadstooﬀ-normallightincidence.However,thiseﬀectisconsidered
inthedeterminationofthepumpﬂuences.
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alowingnewinsightsintothespin-dynamicsofCowilbepresented(Sec.7.2).
7.1 Ultrafast Electron-Dynamics Probed with
Time- and Angle-Resolved Photoelectron
Spectroscopy
UsingthePhoibosdetector,angle-resolvedphotoelectronspectroscopy(ARPES)
mapshavebeenberecorded.AtypicalexampleisshowninFig.7.2,measuredon
aCo(001)ﬁlmwithp-polarizedXUVpulses. BetweenEB =0andEB =1.5eV,
thed-bandsofCoarevisible.Ingeneral,electronsfromamajority∆2↑-band,a
minority∆5↓-bandandasurfaceresonancecontributetothepeak(seeSec.4.2).
Nevertheless,theindividualcontributionscannotbeclearlyseparatedwithoutspin
resolution.
Inaddition,theresultsshowstrongintensitydeviationsthatarenotsymmetricwith
respecttok=0,forexamplethesmalspotatk=−0.23˚A−1andEB=0.35eV
ortheregionbetweenEB =1eVandEB =3.5eVfork>0.15˚A−1. Thesecan
beexplainedbyinhomogeneitiesinthemicro-channeldetectionplate.However,the
detectorimperfectionshaveonlyminorrelevanceinthefolowingbecauseforthe
time-resolvedmeasurementspresentedfromnowononlythediﬀerenceofthesignal
comparedtotheundisturbedcase(delay∆t<0,beforethepump-pulsearrives)is
analyzed.Thissubtractioncompensatesmostoftheinhomogeneities4
k| (Angstrom−1)
Bin
din
g E
ner
gy 
(e
V)
 
 
−0.3 0 0.3
 4
 2
 0
−2
Nor
m. I
nte
nsi
ty
0.2
0.4
0.6
0.8
1
.
Figure7.2: Photoemissionintensity
froma Co(001) ﬁlm. Thedatais
plottedagainsttheelectronbindingen-
ergyandthewavevector(calculatedus-
ingEq.2.22).EB=0isdeterminedfrom
theFermilevelinaﬁttedFermi-Diracdis-
tribution. Thewhite,dashedlinesmark
theareathatisintegratedforthedeter-
minationofthezerodelayusingthelaser-
assistedphotoelectriceﬀect(seeFig.7.3).
ThecountrateinmeasurementsemployingthePhoibosanalyzeralowsaliveob-
servationofboththebroadeningandshiftofthe3dbandsinducedbyvacuum
space-charge(VSC)(seeSec.5.3).Theseeﬀectsweresuppressedwithacarefulre-
ductionoftheXUVphotonﬂuxbydecreasingtheintensityofthedrivinglaserlight
4SeetherightsideofFig.7.4,whichwilbediscussedlater,foranexampleofadiﬀerence
ARPESmap.
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usinganadjustableaperture.Thisadjustmentwasdonepriortoal measurements,
includingthespin-resolvedstudiesdiscussedinSec.7.2,usingthePhoibosanalyzer.
Moreover,theyieldofphotoemissionfromtheNIRpump-beamwasminimizedby
scanningdiﬀerentpositionsonthesamplebeforetime-resolvedmeasurementswere
performedinordertodecreasethebackgroundsignalandinﬂuenceofVSC(see
Sec.6.2).
Basedonthepositionofthetemporaloverlapbetweenthe790nmpump-pulses
andthe395nmpulsesusedfordrivingtheHHGprocess(seeSec.6.1),theexact
zerodelay(ZD)betweentheNIRpump-andtheXUVprobe-pulsesatthesample
surfacewasdeterminedusingthelaser-assistedphotoelectriceﬀect(LAPE). This
eﬀectcreatessidebandsofspectralfeatureswithanenergyseparationontheorder
ofthephotonenergyoftheNIRpump-beam[Miaja-Avila06].Inagreementwith
[Saathoﬀ08],weobservedaLAPEsignalonlyforap-polarizedpump-beamthathas
aﬁeldcomponentperpendiculartothesurface.InordertodeterminetheZD,a
scanoverseveralpump-probedelays∆twithapumpﬂuence5ofF≈12.5mJ/cm2
hasbeenperformedwhilerecordingphotoemissionintensitymaps. TheARPES
mapsforeachdelaywerethenintegratedoverthewavevectorrangebetweenthe
twowhitedashedlinesinFig.7.2.Inordertoemphasizethechangesinducedby
thepump-pulse,theaverageintensityoftheﬁrsttwotimesteps,whicharenot
disturbed,issubtractedfromthedataforeachfolowingdelay.Theresulting(nor-
malized)intensitydiﬀerenceisplottedontheleftsideofFig.7.3.Duringthetime
whenbothpulsesarepresent,theLAPEinducesadecreaseoftheintensityatthe
3dbandsandanincreaseatenergiesthatdiﬀerbythephotonenergyoftheNIR
pump-pulse(∆E≈±1.6eV).TheZDisdeterminedbythemaximumoftheeﬀect,
whichcanbeextractedfromthedelay-dependenceofthesignalgeneratedinthe
unoccupiedregionatEB<0(seerightsideofFig.7.3).
Furthermore,thedurationoftheLAPEsignal,FWHM=73fs,correspondsap-
proximately6tothetemporalresolutionoftheexperiment.Thetransienttimeisof
theorderoftheNIRpump-pulsedurationwhichsuggeststhatthelatterlimitsthe
temporalresolution.
Ingeneral,themeasurementspresentedabovearedominatedbytheLAPEsignal
butalsoshowacontributionfromhotelectronsexcitedbythepump-pulse. The
electrondynamicscanbe,nevertheless,distinguishedsinceitisnotsymmetricwith
respectto∆t=0.Incontrast,itshowsadecayforpositivedelaysthatexceedsthe
durationoftheNIRlaserpulse.TheexcitationofelectronstoEB<0isindicated
bythesmaldiﬀerenceinthebackgroundintensityforpositiveandnegativedelays
5Alpumpﬂuencesarecalculatedforasituation,wherethefulpowerisabsorbedwithinthe
ful widthathalfmaximum(FWHM).Thisresultsinanoverestimationoftherealvalues.
6ThesidebandsscalealmostlinearlywiththeNIRlaserﬂuenceforthecaseofsmal LAPE
signals[Saathoﬀ08].Thisisfulﬁledbecauseweobservemaximumheightsofthesidebandsbelow
15%oftheoriginalpeak.
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Figure7.3: Changeofthephotoelectronintensityduringa measurementofthelaser-
assistedphotoelectriceﬀectusingap-polarizedpump-beam.Left:Thediﬀerencemap
showsthek-integrated(seeFig.7.2)intensityenhancement(red)anddecrease(blue)inducedby
thepump-pulseasafunctionoftheelectronbindingenergyandthedelaybetweenthepulses.
Right:Thereddotsshowthechangeoftheintensity,integratedovertheenergyrangeabovethe
blackdashedlineshownintheleftplotoftheﬁgureandplottedagainstthedelay.Thebluecurve
isaGaussianpeakfunctionﬁt.
ofthecross-correlationsignalplottedontherightsideofFig.7.3. Moreover,the
long-livingdepletionandpopulationenhancementaroundEB =0for∆t>100fs
visibleintheleftplotinFig.7.3suggestthedynamicsofhotelectrons,whichis,
however,signiﬁcantlyweakerthanthesignalfromtheLAPEat∆t=0.
Consequently,itisusefultoavoidtheLAPEbyusingans-polarizedpump-
beamforadetailedinvestigationoftheelectrondynamics. Thetime-dependence
obtainedfromsuchameasurementusingapumpﬂuenceofF≈25mJ/cm2and
p-polarizedXUVlightisshownontheleftsideofFig.7.4. Again,theintensity
diﬀerenceisplottedforeachdelay,butinthiscasecalculatedusingtheaverageof
theﬁrstﬁvetimesteps.Inaddition,thedataisintegratedoveralargerwavevector
space(seerightsideofFig.7.4).
TheresultsontheleftsideofFig.7.4showanincreaseofthephotoemission
intensityforEB<0eVandadecreaseatthebindingenergyofthe3dbandsafter
thearrivalofthepump-pulse. Thisobservationcanbeassignedtoanexcitation
ofelectronsintostatesthatwereinitialyempty. Afterwards,theelectronsdecay
againonatimescaleofseveraltenstohundredsoffemtosecondsascanbeseen
fromthereductionoftheintensityenhancementfortheenergiesabovetheline
markingEB=0eV.
OntherightsideofFig.7.4,thewavevector-dependenceoftheexcitedelectrons
ispresented. Forthispurpose,photoemissionintensitymapsofthreetimesteps
aroundthemaximumoftheeﬀect(∆t =30,45,60fs)areaveraged. Then,the
diﬀerencetotheinitialsituationisagaincalculatedasfortheresultsontheleft
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sideofFig.7.4. Theresultshowsthatelectronsareequalyexcitedovertheful
rangeofwavevectors,whichismeasured.Thisisincontrastto,e.g.,measurements
oncorrelated materialslikeTiSe2, whereelectronsareexcitedonlyatcertain
pointsintheBZ[Eich14]. However,inourexperimentsonlyasmalpartofthe
Brilouinzone(BZ)wasprobedandtheinitial3dstateshavealowcurvature
intheexcitedwavevectorinterval(seeFig.7.2and[Miyamoto08a]). Thiscan
explainthehomogeneousexcitation. Nevertheless,forabetterunderstandingof
theelectron-dynamics,measurementsoverabroaderwavevectorrangehavetobe
performedandcomparedtocorrespondingbandstructurecalculations.Thelatter
needtoincludetheﬁnalstatesabovetheFermilevel,whichcanbereachedby
theexcitationwithNIRpulses. Besides,informationaboutthespinstructureof
thestateswouldbeusefulinsuchacalculationinordertogainknowledgeabout
thespinpolarizationoftheexcitedelectrons. Usingthebandstructureshownin
Fig.2.3[Chiang10],aclearidentiﬁcationofﬁnalstatesforaresonanttransition
withhν=1.
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Notethatthepreviousargumentsarebasedonanequilibriumbandstructurecalcu-
lationandcanthusingeneralonlyprovidealimitedunderstandingoftheopticaly
inducednon-equilibriumstate. Moreover,theassumptionofaweakperturbation
bythelight,whichalowsaninterpretationoftheopticalexcitationswithina
frameworkbasedonFermi’sgoldenrule,isnotfulyjustiﬁedanymoreforthelaser
intensitiesinthepump-pulses(seestep1inSec.2.2.1).
Figure7.4: Pump-inducedexcitationofelectrons.Theplotsshowtheenhancement(red)
anddepletion(blue)ofthephotoemissionsignalcausedbyans-polarizedpump-pulse.Theblack
horizontallinesmarktheFermilevel(EB=0)inbothplots.Left:Thex-andy-axisrepresentthe
temporaldelayandtheelectronbindingenergy,respectively.Thewavevectorintegrationrangeis
markedwiththeblacktiltedlinesintherightplotoftheﬁgure. Right:Theintensitydiﬀerence
shortlyafterthearrivalofthepump-pulseisplottedasafunctionoftheelectronbindingenergy
andwavevector.
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7.2 UltrafastSpin-DynamicsProbedwithTime-
and Spin-Resolved Photoelectron Spectro-
scopy
BasedontheknowledgefromtheARPESdatathatelectronsareexcitedinthe
regionaroundk=0,spin-resolvedmeasurementswereperformedatthispointof
theBZ. ResultsforsamplesgrownunderthesameconditionsasinSec.7.1are
showninFig.7.5,Fig.7.6andFig.7.7. Thedataisobtainedusings-polarized
lightfortheNIRpump-beamtoavoidtheLAPEandwithapumpﬂuenceof
F≈25mJ/cm2. TheXUVlightwasthistimealsoadjustedtos-polarizationin
ordertosuppressphotoemissionfromthesurfaceresonanceresultinginonlyone
majorityandoneminorityspincontributiontothespectruminthevicinityofEF
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(seeSec.5.2). Wenotethattheacquisitiontimeforthepresenteddatawas16h.
Inordertokeeptheinﬂuenceofsampledegradationontheresultsforthetemporal
evolutionsmal,spectraoverthefulrangeofdelayswererecordedwithin13min.
Thiscyclewasrepeated76timestoincreasethesignaltonoiseratio.
Figure7.5:Spin-integratedphotoemissionintensityfordiﬀerentpump-probedelays.
ThedataismeasuredonCo(001)andpresentedasafunctionoftheelectronbindingenergy.
EB =0correspondsagaintotheFermileveldeterminedbyaﬁtofaFermi-Diracdistribution
totheundisturbedspectrum.Left:Theplotshowsthefulvalencebandspectrum. Right:The
intensityinthevicinityofEB=0ismagniﬁedinsemi-logarithmicscale.
TheleftsideofFig.7.5showsthephotoelectronintensityintegratedoverboth
spinchannels. AsintheARPES measurements(seeleftsideofFig.7.4),an
excitationofelectronsbythepump-pulsefromEB >0tostatesabovetheFermi
levelisobserved(reductionoftheintensityaroundEB =0.4eVandincreaseof
theintensityatEB<0between∆t=−100fsand∆t=0fs).For∆t>100fs,a
relaxationoftheexcitedelectronsisfound.ThehotelectronsaboveEB=0eVcan
beclearlyseenontherightsideofFig.7.5,wherethesamedataisplottedwith
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alogarithmicalyscaledy-axis.ItshowsthatelectronsareexcitedtoEB≤−1eV
at∆t=0fs.Then,theelectronsystemstartstothermalizeandtheshapeofthe
spectrumaroundEFapproachesabroadenedFermi-Diracdistribution,whichisin
agreementwithresultspublishedforothermetals[Fann92,Rhie03].Furthermore,
thedataplottedontheleftsideofFig.7.5showsnosigniﬁcantintensitychange
overtheful measureddelayrangeforEB>
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Figure7.6:Spinpolarizationfordiﬀerentpump-probedelays.Left:Theplotshowsthe
spinpolarizationasafunctionoftheelectronbindingenergy.Right:Spinpolarizationvalues(left
axis)averagedoverthefeaturelessregion(EB >1.6eV,blackdown-pointingtriangles)andfor
EB<0eV(grayup-pointingtriangles)areplottedagainstthepump-probedelay.Inaddition,the
spin-integratedphotoelectronintensityintheregionofhotelectronexcitationispresented(right
axis,redopensquares).Theblacksolid/reddashedlineisaguidetotheeye(seetext/footnote)for
theblackdown-pointingtriangles/redopensquaresthatilustratesthetypicaltemporalevolution
ofthequantityduringanultrafastdemagnetizationprocess.
OntheleftsideofFig.7.6,thespinpolarizationPfromthesamemeasurement
ispresented,showingaclearquenchingonasub-picosecondtimescaleafterthe
arrivalofthepump-pulse(∆t=0). ThetimeevolutionofPshowsthetypical
behaviorforultrafastdemagnetization,whichisilustratedbytheblackdown-
pointingtriangles7ontherightsideofFig.7.6.Thesetrianglesrepresentanaverage
valueoverthefeaturelesshighbindingenergyregion. Moreover,nosigniﬁcant
retardationispresentbetweenthestartoftheexcitationofhotelectrons(redopen
7Thecurvesusedasguidesfortheeyehavebeencalculatedusing
y=y0−H(∆t−t0)·A1·1−exp ∆t−t0τm ·exp
∆t−t0
τE .
Here,H(x)representstheHeavisidestepfunction,t0accountsforthebeginningoftheprocess,τm
deﬁnesthecharacteristictimeconstantoftheinitialrise/decayandτE oftherecovery.
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squares)andthebeginningofthereductionofPwithinthetemporalresolutionand
experimentaluncertainties.Theenergy-dependenceofthespinpolarizationreveals
thatthedemagnetizationstartssimultaneouslyoverthefulrangeofEB thatwas
measured.ThisisconﬁrmedbythedemagnetizationcurveofthePvaluesaveraged
overbindingenergiesclosetoEF(grayup-pointingtriangles),whichhowevershows
ahigherquenching.Thelattermightbeaconsequenceoftheelectronexcitationin
thisregionaswilbediscussedlater.Itisparticularlysurprisingthataninstanta-
neousquenchingisobservedforEB>1.6eV=hνNIR,wherethepump-pulsehas
nodirectinﬂuencebysinglephotonexcitationsandnochangeofthetotalintensity
wasobserved(seeFig.7.5). Apossibleexplanationisthestrongcorrelationof
theelectronsystemforthisbindingenergyregion(seeSec.4.2)thatleads,with
respecttothetemporalresolution,toanimmediatepropagationofthechangesof
Pthroughouttheentirespinsystem.
ThecorrespondingpartialintensitiesforbothspindirectionsareshowninFig.7.7.
Thedatarevealsastrongpump-induceddropoftheintensityforthe minority
∆5↓-band(EB ≈0.4eV),whichissigniﬁcantlylowerfor∆t=0comparedtothe
situationbeforetheNIRpulsearrives.Incontrast,onlyasmaldecreaseofthe
electroncountrateisobservedatthe majority∆2↑-band. Adirectconclusion
fromthisresultconcerningthespin-dependenceoftheexcitationisdiﬃcult.In
particular,itappearsthattheintensityofthehotelectronsforbothspindirections
isnotsupportingthisﬁndingbecauseitshowsmoremajorityspinelectrons.These
twoobservationsareinstrongcontrastifaconservationofthespinisassumed
duringtheopticalexcitation.Apossibleexplanationisdiscussedattheendofthis
section.
Similartotheintegratedphotoemissionintensity,bothspinchannelsshoware-
laxationofthehotelectronsfor∆t>100fs. Adiﬀerenceinthelifetimesofthe
excitedstatesforbothspindirections,asobservedin[Aeschlimann97],isnotclearly
detectedinourexperimentforthegivensignal-to-noiseratio,temporalresolution
andstepsizeof∆t.Asexpectedfromthespinpolarizationdistribution,thepartial
intensityisreducedforthemajorityspindirectionatEB >1.5eV,whereasitis
increasedfortheminorityspindirectioninthisenergyrange.Here,norelaxation
hasbeenobservedupto∆t=150fs.
AsilustratedinSec.2.1,theStoner-modelsuggestsadirectrelationbetweenthe
magnetizationM andtheexchangesplittingthroughtheelectronimbalance∆n(see
Eq.2.7).Besidesthedebateaboutsuchabehaviorinstaticheatingexperimentsfor
3dferromagnets(seeChap.1),Rhieetal.haveseenevidenceforalaser-induced
ultrafastquenchingoftheexchangesplittinginNi[Rhie03].Inaddition, M¨uleret
al.suggestthisquenchingasamechanismthatsupportsultrafastdemagnetization
throughspin-ﬂipscattering[Mueler13].
Intheprobedpartofthebandstructureofoursamples,areductionoftheexchange
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Figure7.7:Partialintensitiesfordiﬀerentelectronbindingenergiesandpump-probe
delaysrecordedonfctCo/Cu(001).Left:Theplotshowstheresultsforthemajorityspin
direction.Right:Dataobtainedfortheminorityspinchannel.
splittingwouldcauseashiftofthemajority∆2↑-bandtolowerbindingenergies
becauseitsexchange-splitcounterpartislocatedatEB<0.Atthesametime,the
∆5↓-bandwouldshifttohigherbindingenergiessincethecorrespondingmajority
bandislocatedat8EB ≈2eV(seeFig.2.3[Chiang10]). However,inthepartial
intensitiesinFig.7.7noindicationofachangeoftheenergeticpositionofthepeaks
hasbeendetectedwithinthe(total)energyresolutionof9∆E =0.43±0.01eV.
Furthermore,ashiftofthepeakscouldcreatevariationsintheshapeofthespin
polarizationdistribution,forexampleleadingtoadiﬀerentenergeticpositionfor
thechangeofsign.Thiseﬀecthasnotbeenobservedeither(seeFig.7.6).
Inordertotestthisﬁnding,weperformedmeasurementsonhcpCothatwasgrown
onAu(111). Here,thepeakfromtheminorityspinbandislocatedfurtherfrom
EB =0fork=0andcanbethusbetterseparatedfromtheFermiedgemaking
anidentiﬁcationofitspositionandshape morereliable. Theresultingpartial
intensitiesareplottedinFig.7.8. Apreliminaryanalysisofthisdataalsoreveals
noevidenceforpeakshiftsconﬁrmingtheﬁndingsforfctCo.
Basedonourobservations,weconcludethattheexchangesplittingisnotstrongly
quenchedinCoduringtheultrafastdemagnetizationprocessinthepartoftheBZ,
whichweprobe.
8Itisnotobservableasapeakintheresultsduetoelectroncorrelationeﬀects(seeSec.4.2).
9TheenergyresolutionisdeterminedasdescribedinSec.5.2. Relativechangeslikepeak
shiftscanalsobedetectediftheyaresigniﬁcantlysmalerthanthisvalue.Themeasurementhas
beenperformedwithEpass=8eVinordertoincreasethecountrate.Sincethevalueforthe
energyresolutionhasapproximatelytwicethesizeasfortheresultmeasuredwiththeHelamp
atEpass=4eV(seeSec.5.2),itcanbededucedthat∆E isdominatedbythespectrometer
contribution,whichscaleswithEpass(seeEq.3.1).
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Figure7.8: Timeevolutionoftheenergydistributionofthepartialintensitiesinhcp
Co/Au(111).ThesamplewasexcitedbyaNIRlaserpulseat∆t=0andthebindingenergyis
calculatedwithrespecttotheFermilevel(beforeexcitation).Ontheleft(right)side,theresults
forthemajority(minority)spindirectionareshown.
Moreover,thesimultaneousandinstantaneousquenchingofthespinpolarization
overtheenergyrangenotaﬀectedbythepump-pulsesuggestsaninterpreta-
tionbasedontwocoexistingdemagnetizationmechanisms. Theﬁrstmechanism
changes10thespinpolarizationduringthephaseofhotelectrondynamicsinthe
energyrangearoundEF. TheadditionalquenchingofPforsmalEB infctCo
(seerightsideofFig.7.6)isanindicationforsuchacontribution.Inthesecond
possiblemechanism,anenergy-independentfractionofthephotoemissionintensity
is”transfered”fromthedominatingtotheoppositespinchannelateachEB.This
eﬀectisnotdirectlycorrelatedwiththehotelectrondynamics.Evidenceforsucha
behaviorcanbefoundinthequenchingofthespinpolarizationandthecorrelated
changeofthepartialintensitiesatEB>1.6eV,whereno(linear)excitationofthe
electronsbythepump-pulsetakesplace.Inaddition,thelattermechanismmight
explainthediscrepancybetweenthepartialintensitiesinthedepletedenergyregion
(0<EB <1eV)andofthehotelectrons,whichisobservedinthedataplotted
inFig.7.7andwasalsobrieﬂydiscussedearlier. Sincethemeasuredintensity
forEB <0isonlycreatedbyexcitedelectrons,aprojectioneﬀectwouldhave
noinﬂuenceinthisregion. Here,thepartialintensityseemstobehigherforthe
majorityspinelectrons,meaningthatmoreofthemareexcited.Assumingacon-
servationofthespinduringtheexcitation,thismeansthatalsomoremajorityspin
electronsleavetheenergyrangebelowtheFermiedge.Incontrast,theminority
spinchannelisstrongerreducedthanthemajorityspinchannelatEB ≈0.4eV.
10Theunderlyingphysicalprocesscanbe,forexample,spin-ﬂipscatteringorspin-dependent
transport.
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Thiscontradictoryobservationcanbeexplainedbyanadditionalprojectioneﬀect
forEB>0becauseitsupportsthereductionoftheminorityspinintensityleading
tothestrongdrop,butatthesametimecounteractsthedecreaseofthemajority
spinintensity.
Furthersupportforsucha”projection”ofpartsofthebandstructureisgivenby
staticheatingexperimentsonCothatinvestigatethe magneticbehaviorabove
TC [Schneider91b]. Theauthorsﬁndthatthemagnetizationisvanishingwithout
peakshiftsandthatthebandstructureisnotchangingtotheshapeobserved
for3dparamagnets,whichdoesnotagreewiththeStoner-model. Theresultsin
[Schneider91b]areexplainedbyadisappearanceofthelong-rangemagneticorder
whilesmalregionskeepanexchange-splitbandstructure. Thiscanresultinthe
observedspinmixing[Kisker84].
Theinterpretationsuggestedinthelastparagraphremains,however,veryprelimi-
naryonthebasisofthepresentresultsanddataanalysis.
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Theworkpresentedinthisthesispavesthewayforadirectobservationofthe
spin-dynamicsinextendedpartsoftheelectronicbandstructureonfemtosec-
ondtimescalesusingspin-resolvedphotoelectronspectroscopy(PES). Forthis
purpose,anexperimentalsetupincludingahighlyeﬃcientspindetectoranda
femtosecond-pulsedextremeultraviolet(XUV)lightsourcebasedonhigh-order
harmonicgeneration(HHG)wasdevelopedandcommissioned(seeChap.3). Our
photoemissionsetupandtheinsitusamplepreparationcapabilitiesweretested
usingthinCoﬁlmsgrownonCu(001). Theresultsthatweachievedusingstatic
photoemissionwithacontinuouswave(cw)lightsourceagreewithpublisheddata,
whichconﬁrmsthegoodperformanceofthesetup(seeChap.4). Afterwards,
staticmeasurementswereperformedwiththefemtosecondXUVpulsesinorderto
investigatethesuitabilityoftwodiﬀerentmodesofoperationoftheHHGsourcefor
pump-probeexperiments.Furthermore,vacuumspace-charge(VSC)eﬀects,oneof
themainaspectslimitingtheperformance,werestudied.Basedontheobservation,
experimentalconditionsthataresuitablefortime-andspin-resolvedPESstudies
havebeenfound(seeChap.5).TheanalysisoftheVSCeﬀectswasfurtherextended
byinvestigationsoftheinﬂuenceofthenear-infrared(NIR)pump-pulsesonthe
measurementresults. Weobservedaneﬀectontimescalesthatarefarlonger
thantheprocessesinultrafastmagnetizationdynamics.Inaddition,thestability
conditionsinoursetupwereestimatedandimprovedtofulﬁltheneedsofpump-
probemeasurements(seeChap.6). Finaly,thefeasibilityofsimultaneoustime-,
energy-andspin-resolvedmeasurementscoveringthefulbindingenergyrangeof
thevalencebandswasdemonstratedleadingtonewinsightsintothedynamicsof
thebandstructureduringultrafastdemagnetization.Inparticular,noindicationof
aquenchingoftheexchangesplittinghasbeenfound(seeChap.7).
Basedontheﬁndingsinthelastchapter,severalpump-inducedchangesinthe
photoemissionspectrathatwereobservedneedaclariﬁcationinfutureexperiments.
Forexample,averiﬁcationofthek-independenceoftheelectronexcitation(see
rightsideofFig.7.4)forabroaderrangeofwavevectorsisnecessaryandneeds
tobecomparedtocorrespondingbandstructurecalculations. Thelattercanbe
alsousedtounderstandtheevolutionofthehotelectrondistributionin more
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detail. Fromexperimentalside,inparticularahighertemporalresolution,which
iseasilyachievableusingshorterpump-pulses,andaconcentrationontheenergy
rangearoundEB =0toincreasethestatisticswouldalowspin-resolvedstudies
oftherelaxationdynamicsinordertoidentify,e.g.,spin-ﬂipprocesses. Thiscan
goalongwithachangeofthewavevectorwhichisprobedandthusprovidedirect
insightsintotheinﬂuenceofdiﬀerencesinthebandhybridizationonthespin-ﬂip
probabilities[Pickel08].
Moreover,thesimultaneouschangeofthespinpolarizationovertheful measured
energyrangeneedsfurtherinvestigations. Demagnetizationcurveswithsmaler
delaystepscomparedtotheresultsshownontherightsideofFig.7.6canstudypos-
siblevariationsinthedemagnetization-onsettimeandtheoveraldemagnetization
timefordiﬀerentelectronbindingenergies.Thisisexpectedtotestthesuggestion
ofamechanisminducingaconstant,paralelquenchingofthespinpolarization.
Here,abettertemporalresolutionwouldbeagainhelpfulandpossibledelaysof
theenergyrangethatisnotdirectlyexcitedbytheNIRpump-beamareespecialy
interesting.
Anotheraspect,whichhastobestilfurthervalidated,istheabsenceofpeakshifts
inourresults.Foracleareranalysisoftheexperimentalresults,abetterseparation
oftheminoritypeakfromthecut-oﬀatEF forCo(001)wouldbehelpful. This
canbeachievedby,e.g.,varyingtheemissionangleandthereforek(seeFig.4.4).
Upcomingtime-andspin-resolvedmeasurementswouldalsoproﬁtfromabetter
energyresolution(forexamplebydecreasingEpass)becausesmalerpeakshiftscan
bedetermined.
Inordertoidentifytheroleofﬂuctuatingregionswithalocalyconservedband
structure,staticstudiesoftheequilibrium1situationfortemperaturesapproaching
TC arenecessary. However,forthinﬁlmsofCogrownonCu(001)orAu(111)
anon-transientheatinggeneralyleadstodiﬀusionofthesubstratematerialto
thesurface. Therefore,staticphotoemission measurementsoftheinﬂuenceof
equilibriumheatingonthebandstructurearechalenging.However,additionalin-
formationabouttherelationbetweentheequilibriumandnon-equilibriumsituation
in3dferromagnetsmightcomefrommeasurementon,e.g.,FeonMgOorNionW.
Ingeneral,themaingoalofthethesiswastoprovetheconceptofourexperimental
approach.Thesetupstilalowsfortechnicaloptimizationsincludingimprovement
ofthespindetectoreﬃciency.Theeﬃciencyenhancementcanbeusedforabetter
energyresolution,asdiscussedabove,orfortheinvestigationofawiderparameter
space,forexamplebyincreasingthedensityorrangeofdelaysteps.Itmightalso
enabletime-resolvedexperimentsusingtheHHGsourceinred-drivenmode(RDM),
whichalowsavariationofthek⊥directionintheBrilouinzone(BZ)(seeSec.3.1).
Thisisespecialyinteresting,becausethe∆5↓bandinface-centeredtetragonal(fct)
Coislocatedatlargerbindingenergiesforanexcitationwithhigherphotonenergies
1Here,equilibriummeansthattheelectronsystemisinequilibriumwiththelattice.
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andthereforeleavesthevicinityoftheFermiedge(seeFig.5.3). Highercount
ratesmightevenalowforspin-andtime-resolvedresonantphotoemissionatthe
3pcorelevelsof3dferromagnets(seeSec.3.1),whichcanbedirectlyrelatedto
resultsobtainedwiththetransversemagneto-opticalKerreﬀect(MOKE)atthe
M-absorptionedges.
Atpresent,adiﬀerentiationbetweenprocessesthatlocalyoccurattheplaceof
excitation(e.g.spin-ﬂips)andmechanismsthattransportthemagneticmoment
awayfromtheexcitedarea(e.g.spin-currents)isdiﬃcultinourexperiment. A
combinedinvestigationofasamplewithsurface-sensitivePESandthemorebulk-
sensitivetransverseMOKEusingHHGradiation(oralternativelyx-raymagnetic
circulardichroism(XMCD)withsynchrotronfemtoslicing) mighthelptodisen-
tanglesucheﬀects. Furthermore,non-local(transport)eﬀectscanbestudiedby
separatingtheopticalexcitationandtheprobing,forexampleinanexperimental
geometryalowingthepump-beamtoarrivefromthebackofthesamplethrough
atransparentsubstrate2. Ifthesamplesystemisthickenoughtoabsorbthe
intensityofthepump-beambutstiltransmitsspin-currents,i.e.severaltensof
nm[Eschenlohr13],probingthefrontofthesamplebyPEScandeliverinformation
purelyabouttransporteﬀects.
Moreover,oursetupcanbeappliedtoexpandtheviewonothermaterialswith
interestingspinpropertieslike4fferromagnetsorMoS2,asalreadydiscussedinthe
introduction(seeChap.1).
2Au/Febilayersgrownon MgOcanserveasapossiblesamplesystemforsuchstudies
[Melnikov11].
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Appendix
SymmetryPropertiesofElectronicStates
BasisFunctions E C24 C4 JC24 JC2
∆1 1,z,2z2−x2−y2 1 1 1 1 1
∆2 x2−y2 1 1 −1 1 −1
∆2 xy 1 1 −1 −1 1
∆1 xy(x2−y2) 1 1 1 −1 −1
∆5 x,y,xz,yz 2 −2 0 0 0
Basisfunctionsandcharactertableforthe ∆-directioninthesimplecubiclattice.
Theﬁrstcolumnshowstheirreduciblerepresentationsofthegroup,whichareassociatedwith
thewavefunctionsoftheelectronicstates. Nexttoitbasisfunctionsareshownthattransform
accordingly(thezˆ-correspondstothe∆-direction).Intherightpart,theﬁrstrowgivesthe
symmetryoperationsofthegroup(C4v)inSchoenﬂies-notation,whereasaJindicatesthatthe
operationisfolowedbyaninversion.Theentriesrepresenttheso-caled”characters”.Theirvalues
giveinformationaboutthedegeneracyofthestate,andthesignsrepresenttheparityofthewave
functionunderthetransformation.(adaptedfrom[Dresselhaus08],wherealotofadditionaldetails
canbefound)
MATLABSource CodeforSimulationsof Pump-induced
VacuumSpace-chargeEﬀects
%Thisscriptsimulatesthemovementofthepump-inducedelectroncloud
%andaninteractingprobeelectron
%1.step:calculatethepositionsoftheslicesofthepump-induced
% electroncloud/theprobeelectronaftertheircreationuptothe
% time,whenbothpulseshavearrivedatthesample
%2.step:calculatethetotalenergy(kinetic+potentialenergy)of
% theprobeelectronatthefirsttime(m=1)whenthepump-induced
% electronsaswellastheprobeelectronarepresent
%3.step:foreachsubsequenttimestep:calculatethenewpositionof
% theprobeelectronusingthekineticenergyfromthestepbefore;
I
APPENDIX
% calculatethenewpositionsofthepump-inducedelectronslices=>
% calculatethenewpotentialenergyoftheprobeelectroninthe
% fieldofthepump-inducedelectroncloud=>calculatethenew
% kineticenergyoftheprobeelectronbysubtractingthenew
% potentialenergyfromthetotalenergy(energyconservation,Etot
% fromstep2)
%4.step:repeatstep3untiltheprobeelectronhaspropagatedthe
% distancetothespectrometerentrance
%thepositionofanundisturbedHHGreferenceelectronisalways
% calculatedaswellforcomparison
clear;closeall;
%START-----DEFINEINPUTPARAMETERS-----
d=0.9e-3; %spotdiameterofthepumpbeaminm
rep_rate=5000; %laserrepetitionrateinHz
%distancebetweensampleanddetectorinm:
distance_to_detector=25e-3;
%samplecurrentgeneratedbythepump-beam:
sample_current=0.9e-9; %inA
%kineticenergyoftheprobeelectron:
E_HHG=15; %ineV
%meankineticenergy(gauss_b)andwidth(gauss_c)ofthepump-induced
% electroncloud;assumingaGaussiandistribution:
gauss_b=5; %ineV
gauss_c=7; %ineV
%kineticenergiesoftheslicesthatmodelthepump-inducedelectron
% cloud:
E_pump=0.2:0.2:28; %ineV
%(approx.)numberoftimestepsthataresimulatedforeachdelay
% (usedtodeterminestepsize):
calculation_time_steps=500;
%maximum/minimumdelaythatissimulatedandnumberofstepsin
% between:
delay_min=-13e-9; %ins
delay_max=20e-9; %ins
delay_steps=330; %ins
%generalconstants:
eps=8.85e-12; %(As)/(Vm)
e=1.6e-19; %inC
c=3e8; %inm/s
m_e=9.11e-31; %inkg
%END-----DEFINEINPUTPARAMETERS-----
%START-----CALCULATEGENERALPARAMETERS-----
r=d/2; %calcutatethespotradius(fromthespotdiameter)
%calculatethenumberofpump-inducedelectronsfromthesample
II
APPENDIX
% current:
N_pump=sample_current./(e.*rep_rate);
%createthepump-inducedelectroncloud:
int_E_pump=exp(-(((E_pump-gauss_b)./gauss_c).^2)./2);
%normalizethepump-inducedelectroncloudtothenumberofpump-
% inducedelectrons:
int_E_pump=int_E_pump.*N_pump./sum(int_E_pump);
%calculatethevelocityforeachsliceofthepump-inducedelectron
% cloud:
forj=1:1:length(E_pump)
v_pump(j)=sqrt(2*(E_pump(j).*e)./m_e);
end;
%createalistofdelays:
delay_l=delay_min:((delay_max-delay_min)./delay_steps):delay_max;
%calculatethevelocityoftheundisturbedHHGreferenceelectron:
v_HHG_out=sqrt(2*(E_HHG*e)./m_e);
%calculatethetimethattheundisturbedHHGreferenceelectronneeds
% toreachthedistanceofthespectrometerentrance:
t_max=(distance_to_detector./v_HHG_out);
%calculatethecorrespondingsizeofthetimestepsforthe
% simulation:
diff_t=(t_max./calculation_time_steps);
%END-----CALCULATEGENERALPARAMETERS-----
%START-----SIMULATION-----
%repeatthesimulationforeachdelay:
forn=1:1:length(delay_l)
delay=delay_l(n);
%displayprogressofthedelaylistinpercent:
(n)./(length(delay_l))*100
%setthenumberoftimestepsthatarealreadysimulatedforthis
% delay(pump-inducedelectroncloudandprobeelectronarepresent)
% tozero:
m=0;
%repeatthesimulationforthisdelayuntiltheprobeelectron
% reachesthedistanceofthespectrometerentrance(eachrepetition
% simulatesatimesteps):
fori=1:1:inf
%setthepotentialenergyoftheprobeelectroninthefieldofthe
% pump-inducedelectroncloudattheactualtimesteptozero
% (initialize):
pot_ges(i)=0;
%calculatethe'timeafterexcitation'forthepump-inducedelectron
% cloudforthecurrenttimestep;t_IR=0:pump-pulsearrivesat
% thesample:
t_IR(i)=((i-1).*diff_t);
%calculatethe'timeafterexcitation'fortheprobeelectronfor
% thecurrenttimestep;t_HHG=0:probe-pulsearrivesatthe
% sample:
III
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t_HHG(i)=t_IR(i)-delay;
%calculatethepositionofthepump-inducedelectronslicesforthe
% currenttimestep,ifthepump-pulsehasalreadyarrivedatthe
% sample:
if(t_IR(i)>=0)
forj=1:1:length(E_pump)
x_pump(i,j)=v_pump(j).*(t_IR(i));
end;
end;
%ifbothpulseshavearrivedatthesample,starttocalculatetheir
% interaction:
if(t_HHG(i)>=0)&&(t_IR(i)>=0)
%increasetheinternalindexm:
m=m+1;
ifm==1
%Forthefirsttimestep,whenboththeprobeelectronandthe
% pump-inducedelectroncloudarecreated(firsttime,when
% t_HHG>0andt_IR>0),thetotalenergy(Etot=Epot+Ekin)is
% calculated.Thisvalueisusedasareference(energy
% conservation)forallsubsequenttimesteps.
%calculatethevelocityoftheprobeelectron(fromorig.Ekin):
v_HHG(i)=sqrt(2*e*E_HHG./m_e);
%calculatethepositionoftheprobeelectron:
x_HHG(i)=v_HHG(i)*t_HHG(i);
%calculatethevelocityoftheundisturbedHHGreferenceelectron:
v_HHG_und(i)=sqrt(2*e*E_HHG./m_e);
%calculatethepositionoftheundisturbedreferenceHHGelectron:
x_HHG_und(i)=v_HHG_und(i)*t_HHG(i);
forj=1:1:length(E_pump)
%foreachsliceofthepump-inducedelectroncloud...
%...calculatethedistancetotheprobeelectron:
x_diff(i,j)=x_pump(i,j)-x_HHG(i);
%...thencalculatetheresultingpotentialenergyoftheprobe
% electroninthefieldofthisslice:
sr=(sqrt(x_diff(i,j).^2+r.^2)-abs(x_diff(i,j)));
pot(i,j)=int_E_pump(j)*e./(2*pi*eps)*1/(r.^2)*sr;
%...andsumthepotentialenergyupforallslices:
pot_ges(i)=pot_ges(i)+pot(i,j);
end;
%calculatethetotalenergyoftheprobeelectron:
Eges=pot_ges(i)+E_HHG;
%setthekineticenergyoftheprobeelectronafterthistimestep
% (assumedasbeingstilltheoriginalE_HHG):
Ekin_after(i)=E_HHG;
%setthekineticenergyoftheundisturbedHHGreferenceelectron
% afterthistimestep(isalwaystheoriginalE_HHG):
E_und_after(i)=E_HHG;
end;
IV
APPENDIX
ifm>1
%Foreverytimestepafterthefirstone,thenewpositionsofthe
% probeelectronandallpump-inducedelectronslicesis
% calculatedfromthecorrespondingpositionsintheprevious
% timestepusingthekineticenergy(andthusthevelocity)
% aftertheprevioustimestep.Then,anewkineticenergyis
% calculatedfortheprobeelectron.
%calculatethevelocityoftheprobeelectronaftertheprevious
% timestep(Ekinfromi-1):
v_HHG(i)=sqrt(2.*e.*Ekin_after(i-1)./m_e);
%usethisvelocitytocalculatethenewpositionoftheprobe
% electron:
x_HHG(i)=(t_HHG(i)-t_HHG(i-1)).*v_HHG(i)+x_HHG(i-1);
%calculatethevelocityoftheundisturbedHHGreferenceelectron
% aftertheprevioustimestep:
v_HHG_und(i)=sqrt(2.*e.*E_und_after(i-1)./m_e);
%usethisvelocitytocalculatethenewpositionofthe
% undisturbedHHGreferenceelectron:
x_HHG_und(i)=(t_HHG(i)-t_HHG(i-1)).*v_HHG_und(i)+x_HHG_und(i-1);
forj=1:1:length(E_pump)
%foreachsliceofthepump-inducedelectroncloud...
%...calculatethedistancetotheprobeelectronatthecurrent
% timestep:
x_diff(i,j)=x_pump(i,j)-x_HHG(i);
%...thencalculatetheresultingpotentialenergyoftheprobe
% electron:
sr=(sqrt(x_diff(i,j).^2+r.^2)-abs(x_diff(i,j)));
pot(i,j)=int_E_pump(j)*e./(2*pi*eps)*1/(r.^2)*sr;
%...andsumthepotentialenergyupforallslices:
pot_ges(i)=pot_ges(i)+pot(i,j);
end;
%calculatethenewkineticenergyoftheprobeelectronafterthis
% timestepbysubtractingitsnewpotentialenergyfromits
% totalenergyatthebeginning(energyconservation:lossof
% Epot=>acceleration,gainofEpot=>deceleration):
Ekin_after(i)=Eges-pot_ges(i);
%setthekineticenergyoftheundisturbedHHGreferenceelectron
% afterthistimestep(isalwaystheoriginalE_HHG):
E_und_after(i)=E_HHG;
end;
%savethepositionoftheprobeelectronwhenitreachesthe
% distanceofthespectrometerentranceandthecorresponding
% indexofthetimestepinthesimulation(forthecalculation
% ofthefinalEkin):
last_i_HHG(n)=i;
last_x_HHG(n)=x_HHG(i);
else
V
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%fillthepositionarrayswithzerosfortimesteps,whennotboth
% pulseshavearrivedatthesampleyet
x_HHG(i)=0;
x_HHG_und(i)=0;
x_diff(i,j)=0;
end;
%stopthesimulationwhentheprobeelectronpropagatedthedistance
% tothespectrometerentrance:
ifx_HHG(i)>=distance_to_detector
break
end;
clearsr;
end;
%savethefinalkineticenergyatthespectrometerentrancedistance
% forthisdelay...
%...fortheprobeelectron:
Ekin_final(n)=Ekin_after(last_i_HHG(n));
%...andtheundisturbedHHGreferenceelectron:
E_und_final(n)=E_und_after(last_i_HHG(n));
end;
%END-----SIMULATION-----
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AC absorbedelectroncurrent
AES Augerelectronspectroscopy
ARPESangle-resolvedphotoelectronspectroscopy
BBOβ-BaB2O4
BDMblue-drivenmode
BZ Brilouinzone
CCDcharge-coupleddevice
CSA cylindricalsectoranalyzer
cw continuouswave
EAL eﬀectiveattenuationlength
EDCenergydistributioncurve
fct face-centeredtetragonal
FEL free-electronlaser
FoMﬁgureofmerit
FWHMful widthathalfmaximum
HAMRheat-assistedmagneticrecording
HHGhigh-orderharmonicgeneration
IMFPinelasticmeanfreepath
IPESinversephotoelectronspectroscopy
IT informationtechnology
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LAPElaser-assistedphotoelectriceﬀect
LEEDlow-energyelectrondiﬀraction
MOKE magneto-opticalKerreﬀect
NIR near-infrared
PES photoelectronspectroscopy
RC reﬂectedelectroncurrent
RDMred-drivenmode
SHGsecondharmonicgeneration
SOCspin-orbitcoupling
SPLEEDspin-polarizedlow-energyelectrondiﬀraction
TBPtimebandwidthproduct
RT roomtemperature
UHVultrahighvacuum
UPS ultravioletphotoelectronspectroscopy
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